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1.0 INTRODUCTION ]

In 1969, the U. S. Navy established the Weapons Cook-0ff Improve-

rent Program to protect bombs, missiles, rockets and other ordnance

- from fires, such as an aviation fuel fire resulting from an accident -4
F on a carrier deck. This program was established to accomplish two spe- ,,;
[ cific objectives: delay the ordnance reaction for at least five minutes 13
f and limit the extent of the reaction to a deflagration (case rupture ‘J
and burning of explosive). Since then, the five-minute delay has been :i
[ ]

achieved successfully primarily through the use of ablative and intu-

P

mescent coatings on the exterior skin of various bombs, rocket launchers,

mines, missiles, etc. Intumescent systems, as used throughout this

report, refer to systems which swell (i.e., intumesce) when subjected

TV ey

to heat such as from a fire. Typically, an intumescent svstem consists
of an intumescent filler, a binder which "packages' the svstem and pro-

vides general purpose environmental considerations such as adhesion and

weatherability, and a small quantity of material referred to as a bridg-
ing agent or £fiber which can add integrity to the char after intumescence,
Previous work [1,2,3] focused on developing an analytic model to
describe intumescing systems. A mathematical model was developed which
described the various physical processes by considering mass and energy
control volumes, Expansion was accounted for by assuming it to be a
function of mass loss. Thermodynamic data from thermogravimetric analy-
sis and differential scanning calorimetry characterized the chemical con-
stituents of the coating system. A computer program was written to

solve the system of equations, with appropriate boundary conditions, as

a function of time. Mass loss, temperature, expansion velocity, etc.,
were computed and model calculations compared against experimental data.

Strengths and weaknesses of the model were assessed and discussed. Though

5 intumescent coatings are the material of choice whenever high insulation ’ 1
. efficiency from a limited film thickness is desired [4], there is con- .
: siderable interest in achieving a better understanding of intumescent
iy reaction mechaniswms in the hope of improving their ability to protect

[

weapons in the current Navy inventory [5]. This report documents experi-
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mental and analytical work performed in pursuit of better understanding
of intumescent reaction mechanisms.

The objectives of this research effort were to vary systematically
intumescent formulations and develop a procedure for optimizing a parti-
cular formulation., This experimental work furnished information on
intumescent coating systems that were previously unavailable and gener-
ated data that advanced our understanding of intumescent reaction mech-
anisms., Additionally, a simplified mathematical model involving certain
approximations was developed to permit rapid and economical exploration
ol some features predicted by the more detailed model of Reference 1.
The rest of this report is divided into four main topic areas: a dis~
cussion of the experimental program; a discussion of the simplified
mathematical model, referred to as the Frontal Model; an analyvsis of
the experimental results, particularly in light ~° the insights provided
ov the Fronrtal Model; and finallv the summar Jncsusions, and recom—

mendations for further work.
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2.0 EXPERIMENTAL PROGRAM

2.1 Baseline Formulation

The previous work [1] focused on an intumescent formulation deve-
loped by NASA which the Navy has found to be effective in protecting
ordnance from fires. Table 1 lists the constituents of this formulation,
designated as NASA formulation EX~1C-82. The binder is an epoxv resin,
and since epoxies tend to be very hard and brittle, polysulfide has
been added to make the binder more flexible., In earlier formulations
asbestos was used as the bridging agent but glass fiber has been sub-
stituted because of the well~documented health risk associated with
asbestos. The intumescing agent is the hydrated salt sodium tetraborate
decahydrate, commonly called borax.

Table 2 gives the basic formulation of EX-1C-82. Because the binder
is an epoxy, the system is prepared in two parts; one part contains
the epoxy resin and the other part the curing agent. The NASA borax
formulation was used as the baseline formulation throughout the study,
poth in the preparation of altermate intumescent systems and in the
comparison of thermal protection. These other intumescent systems,
described in the next section, involved the substitution of altermate
components into the baseline formulation, as well as the variation of

concentration of the different constituents.

2.2 Experimental Program

An extensive experimental program was conducted in which the indi-
vidual constituents of an intumescent system were systematically varied.

This svstematic variation of components included the following:

variation of fillers = binder and bridging agent were fixed;
b. wvariation of binders -— filler and bridging agent were fixed;
¢. variation of bridging agent -— filler and binder were fixed;

d. wvariation of solvents.

The procedure adopted was to substitute different constituents, one at
a time, in the basic formulation given in Table 2. In addition to sub-

sticution, formulations were varied by changing the concentration of

Dl - » W o A Nt WA & et v dl Mot
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Table 1. Baseline Formulation i

Generic Svstem EX-1C-82
Binder Epon 828 epoxy resin -
Thikol LP-3 polysulfide ]

DMP-30 curing agent

Filler Sodium tetraborate deca-
hydrate (borax)

Fiber Glass )
Solvent Toluene

Thikotrope (if required)
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Intumescent Paint Formulation
(Percentage Concentration)

NASA Formulation EX-1C-82

Concentrations (% Bv Weight)

)
- Y
-

F

4
]
]

Component A B (A+B)* .,
Polysulfide 39.18 21.85 "
-
DMP-30 5.64 3.15 p{
EPON 828 50.41 22.29 ]
- 4
Borax 54.90 49,32 52.43 b1
Glass 0.28 0.27 0.28

1

Part A 55.78 )
-

Part B 44,22 .
K
B
'
]
‘»_4
1
'
-9
, 4
*A and B mixed at a ratio (by mass) of 1.26 to 1. fj
=

L
\1

-5- A
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a particular constituent. The intumescent systems chosen for this study
consisted of e;tablished and newly formulated systems, Table 3 lists
the various constituents which were considered as possible components

of intumescent systems.

2.3 Screening Studies

Preliminary screening studies were performed to determine which
binders and intumescing/filler agents might be best suited for testing.
The chief objective of these precursory tests was to determine which
components would be most suitable and would warrant further studv. An
1,40 mm thick coating was the nominal thickness of an applied coating.
After various representative coatings were cast, their qualitative
thermal performance was evaluated as well as observational data on pot
life, cure time, workability, flexibility, and adhesion. The coatings
were applied to a metal substrate; the cured specimens then were sub-
jected to heat by exposure to a2 Bunsen burmer. A thermocouple was
mounted on the rear surface of the metal substrate to give a semi-
quantitative measure of the thermal performance. The preliminary test

results are given in Section Al of Appendix A.

2.4 Formulations Components

Individual components were evaluated on the basis of performance,
cost, and individuality. For example, a number of inert fillers and/
or fire retardants were considered. However, only one of each was
chosen for full parametric evaluations. The major components (binders
and intumescing agents) were more closely scrutinized since they con~
stitute the main reasomns for success or failure of a coating formula-
tion. As a result of the screening studies, four fillers, three of
the binders, and three of the fibers were dropped and neot considered
for further study. (Asbestos is used in some current intumescent
systems, but was eliminated from this study, not for technical reasoms,
but because of health risks.) The materials selected to comprise the
components of various formulations are listed in Table 4. The open
circles in Table 4 designate alternate materials which were tested in

a formulation, but with no parametric variations in concentrationms.
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Table 3.

T P P T Y L P T T T ™™

Components Considered for Intumescent Systems

Intumescing Agents and Fillers Considered

Aluminum Hydroxide

Aluminum Sulfate Hexadecahydrate

Ammonium Nitrate

Ammonium Phosphate

Ammonium Salt of 4-nitroanilipe-2-
sulfonic Acid (NASA Salt)

Silicon Dioxide (Inert Filler -
Syloid 244)

Slate and Limestone Fillers

Binders Considered

Aromatic Polvurethane Resin
Flexible Epoxy
Foundrez/Epoxy

Neoprene

Fibers Considered

Asbestos
Kevlar
Glass Fiber
Graphite

Sodium Metaborate

Sodium Metasilicate Penta-
hvdrate

Sodium Tetraborate Decahv-
drate (Borax)

Sodium Sulfate Decahvdrate
(Glauber's Salt)

Triphenyl Phosphite
Zinc Metaborate i
Borax/Sodium Metasilicate
i i
Polysulfide/Epoxy )
pve -
Waterglass .
i
C )
-9
9
.
L
Metal Fiber (Steel Wool) -
Mica -3
Mineral Wool L
Refrasil :
.‘\‘.l
)
-3
o
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Table 4. Formulations Components

A

~
“‘_A‘_", .

Binders Fibers (Bridgi ents) *J

| 9

e Polysulfide-Epoxy o Glass Flake )

e Neoprene e Graphite 3

o Foundrez/Epoxy ¢ EKevlar £

¢ Flexible Epoxy o Metal Fiber (Steel Wool) ]
e Mineral Wool

Fillers

Borax

Sodium Metasilicate

Ammonium Phosphate

hluminum Sulfate Hexadecahydrate
Ipert Filler (Powdered Silica)
Glauber's Salt

NASA Intumescent Salt
Borax/Sodium Metasilicate

Zinc Metaborate

Aluminum Hydroxide

0O 00 ® 000 000

- A

.
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Particular characteristics of the various components are given in Sec-
tion A2 of Appendix A, as well as the reasons some components were
eliminated from further study.

2.5 Experimental Matrices

Test matrices incorporating the chosen materials are given in Tables

5 through 9. An attempt was made to generate a testing program that

would give data suitable for intumescent system modeling, furnish infor-

mation on intumescent coatings that were previously unavailable, and

generate data that would advance our understanding of intumescent reac-

tion mechanisms.

Once the components to be used were selected, baseline formulatioums

were established which could be modified successfully to f£it the test
matrix. (No attempt was made to optimize a particular coating formu-
lation in terms of pot life, curing time, workability, ease of appli-
cation, etc.) The main emphasis during the baseline formulation was

on the relative concentrations of the binders and filler since they

most affect coating workability. To establish the baseline formulatioms,

each of the resin systems with various fillers was cast onto aluminum

sheet material till a recipe yielded a proper average workability. In

all the tables, "Formula" essentially refers to the basic NASA formula-

tion given in Table 2, though substitutions are made for specific con-

stituents. The rows designated "+57,” +10%,"” etc., refer to the percent

change in mass of the specific constituent being varied. For example,

if 28g of borax is used in the formula (Table Al3), then the +10% formu-

lation has 30.8g of borax with all other constituents held constant.
Section A4 of Appendix A gives the actual formulation applied to each
plate., (Plates 513 and 514 will be used as a reference against which
the transient thermal performance of the various coating systems will
be compared. More will be said about this in Section 4.)

An identifier for each test plate is given in Tables 5 through 9;
these "ID" numbers are used throughout the report to identify a parti-
cular formulation., The steel test plates, depicted in Figure 2-1 were

constructed by cutting out a round disc from the center of each panel,

shaving 1.34 mm from the circumference, and then cementing the disc back

-
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Table 6. Variation of Fibers: Test ID No.
(Bindor and Filler Coastant)

Binder: Polysulfide/Epoxy
Filler: Borsax
Sodium Metasilicate (SMS)

Glass Graphite Kevliar Steel Mineral
Fiber Fiber Aramid Wool Wool
Borax 513 621 631 641 651
SMS 523 622 632 642 652
Table 7. Variation of Binders of Differemt Concentration: Test ID No.

(Fiber and Filler Constaat)

Filler: Borax
Fiber : Glass Fiber

Polysulfide/ . Foundrez/ Flexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+10% 711 721
+ 5% 712 722
Formula 513 516 2 743 753
- 5% 714 724
-10% 715 725

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber

Formula 523 526 736 746 756

8 Borax is incompatible with Foundrez.
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Table 8. Variation of Solvent: Test ID No. 3
(Binder, Filler, and Fiber Constant) o
Y
Binder: Polysulfide/Epoxy =4
Neoprene
Filler: Borax
Fiber : Glass Fiber
Methyl Ethyl
Ketone (MEK) Dichloromethane Toluene -
-
Polysulfide/Epoxy 811 821 851 ;
Neoprene 832 842 852 fj
1
Table 9. Variation of Fiber to Filler Concentration: Test ID No. -
(Binder Constant) y
]
Binder: Polysulfide/Epoxy
Filler: Borax
SMS
Fiber : Glass Fiber and Graphite
Glass Fiber Graphite ]
Borax 220 £10 0 =10 =20 $20 #0010 =20
r
+20 931 1
+10 511 -
0 913 923 513 943 953 963 973 621 993 903 )
-10 515 "4
=20 935 )
4
sms B
+20 936 )
+10 521 ::
0 523 "
-10 525 ;
=20 930 i
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1.0 OIA EPOXIED
INTO POSITION
CHROMEL/ALUMEL

AN ,/<T“‘ ‘

> (13:-» T\

ASSESTOS
TEMPLATE

Figure 2-1. Schematic of Test Plate and Holder Configuration

STacw
EXMIUET
SAMPLE ,
TEMPLATE f ;

on

g

CHAMBER VOLUME

AREA 2

AIR DRAFTS

PIRE BRICK LINED TYPICAL HEAT FLUXES
COMBUSTION CHAMBER AREA 11 933 3ru/itieses (103-101 wernyom?)
q AREA 2: ~22 Bru/ted.me (~24.9 wern/ow?)
| AREA 3 $517 8w/ we (62128 warn.ond)

Figure 2-2. Schematic of Thermal Test Facility
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NADC-84170-60

in place with a high temperature epoxy adhesive. This serves to insulate

ki aad Lo

t: the disc from heat being conducted away to the mounted edges of the
plate; that is, this procedure essentially makes the heat transfer one
dimensional through the center section of the test plate. The coating
to be tested was applied to the plate; a mold was devised (Section A3,

ﬂi Appendix A) in an attempt to get a uniform coating thickness of 1.78 mm -

on all the test plates. However, even with the mold, the large varia-

Q}; tion in coating viscosities and shrinkage during curing resulted in an

average thickness of 1.845 mm but with a standard deviation from the

PPN ATy U G S S R

mean of 0.346 mm. In hindsight, more attention should have been given
to coating thickness, such as machining (e.g., wet-sanding) to achieve
a uniform thickness among all sample plates. A total of 104 plates
were coated at SwRI and sent to the Naval Air Development Center (NADC)
for testing. At NADC, two chromel-alumel thermocouples were attached
o to the center section of the test plate prior to testing; the emf out-

put as a function of time was plotted directly as temperature versus

time on a chromel-alumel compensated chart recorder. The plates were
h placed in a furnace-type device similar to the NASA T-3 firebox which
consists of an 0.028 cubic meter furnace (approximately cubic in con=-
figuration) lined with fire brick and enclosing a horizontal rotary oil
burner of the mechanical atomization type capable of usign JP~4 or JP-5
'.] aviation fuel, Figure 2-2. During operation, air is circulated from two
vents on the lower side up through the furnmace by an overhead exhaust
fan. The heat flux, somewhat typical of what might be encountered in
an aviation fuel fire, is 2.7 cal/cmz-s (10 BTU/ftz-s) at the test
panels, with approximately 90 percent of the incident flux being radia-
tive [4].

' l

2.6 Initial Conditions and Test Results

The test results w.re returned to SwRI for analysis. A data sheet
was prepared for each plate with space provided for such information
as initial and final plate masses, initial and final coating thicknesses,
and relevant comments concerning each test. The information contained

in these data sheets are summarized in tabular form:
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H a. Initial coating weight (grams) . . . . . . . . . . Tables 10-14; '*j
A
| b. Ratio of Remaining to Initial Weight . . . . . . . Tables 15-19; ,-J
- c. Initial Coating Thickness (mm) . . . . . . . . . . Tables 20-24; 5
[- d. Ratio of Final to Initial Thickness . . . . . . . Tables 25-29; ']
h e. Time to Reach 800°F (minutes) . . ... ... .. Tables 31-35; ]
- £. Thermal Performance to 800°F (sec/mm). . . . . . . Tables 36-40; ¢ K
L .
{ g. End of Intumescence [Time (Temp)]. . . . . . . . . Tables 41-45;
. h. é% Post Intumescence (°F/min). . . . . ... . . . Tables 46=-50.

4

e
acg d 0 )

Tables 31-35 are self-explanatory. Thermal performance, as used here, is
computed by taking the time to 800°F in seconds and dividing by the ini-

tial coating thickness*., This gives a relative number for thermal pro-

tection per unit thickness of coating. While this number can be useful
for comparing the thermal performance of various insulation systems,
it is not a material property; the value, for the same formulation, varies
as a function of thickness. Tables 41-45 summarize a distinct feature
of intumescent systems. The graphical display of temperature versus time
of a substrate protected by an intumescing material displays a rather
noticeable change in slope. This change in slope 1s associated with the
arrival of the intumescing front at the substrate. Section 3 discusses
the underlying physical principles of this experimental observation.
Tables 41-45 give the time at which the change in slope occurs and the
corresponding temperature. After this "break' or change in slope in
the temperature-time curve, to a first approximation, the substrate heats
linearly with time (also discussed in Section 3); the slopes of the linear
oortion of the curves are tabulated in Tables 46~30,

According to the comments of post-test examination of the plates
(Table 30), a number of the coatings were reported to have separated
from the substrate-~~-in particular, this occurred with the sodium meta-

' ‘ silicate and the Glauber's salt formulations. However, examination of

*It is understood that the Navv uses the time to 500°F and the time to

1000°F divided by the init:al coating thickness for a measure of thermal
3 performance., We arbitrarily chose the time to 800°F for the purposes of
L this report.
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Table 11. Variation of Fibers , !
(Binder and Filler Constant) _
INITIAL COATING WEIGHT (grams)
q
Binder: Polysulfide/Epoxy ; ‘
Filler: Borax 1
Sodium Metasilicate (SMS) )
Glass Graphite Kevlar Steel Mineral I
Fiber Fiber Aramid Wocl Wool . 4
Borax 12.1 11.3 12.3 12.9 1.1 ]
SMS 14.4 13.5 12.9 14.0 13.5
i E
- | 1
Table 12. Variation of Binders of Different Concentration
(Fiber and Filler Constant)
INITIAL COATING WEIGET (grams) ) A
o]
Filler: Borax -
Fiber : Glass Fiber ]
Polysulfide/ Foundrez Flexible Polyurethane '
Epoxy Neoprene Epoxy Epoxy Resin
+10% 12.4 10.4
4
+ 5% 12.2 9.1 LT
]
Formula 12.1 13.2 a 13.8 12.4 )
- 59 12.5 8.8 A
4
-10% 11.6 9.3 ' 3
Filler: Sodium Metasilicate (SMS) 1
Fiber : Glass Fiber 1
Formula 4.4 14.5 15.6 15.9 9.4 ]

a Borax is incompatible with Foundrez.
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Table 13. Variation of Solvent 5
(Binder, Filler, and Fiber Comstant) ]
INITIAL COATING WEIGHT (ggng) .‘?
1
Binder: Polysulfide/Epoxy b
Neoprene -]
Filler: Borax ;"

Fiber : (Glass Fiber 1

Methyl Ethyl

Ketone (MEK) Dichloromethane Toluene ]
Polysulfide/Epoxy 13.9 13.6 12.3
Neoprene 10.0 10.5 9.7

Table 14. Variation of Fiber to Filler Concentration:
(Binder Constant)

INITIAL COATING WEIGHI (grams)

Binder: Polysulfide/Epoxy
Filler: Borax

SMS
Fiber : Glass Fiber and Graphite
Glass Fiber Graphite
Borax +20 +10 0 =10 =20 +20 +10 0 =10 =20
+20 11.5
+10 11.8
0 11.4 12.0 12.1 12.4 12.1 11.1 9.1 11.3 9.7 10.0 S
=20 11.0 A
‘4
SMS o _
+20 12.2 o
+10 13.6
0 14.4
-10 14.2 .
-20 13.3 . A
o
18- B
®
3
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NADC-84170-60

Table 16. Variation of Fibers:
(Binder and Filler Constant)

RATIO OF REMAINING TO INITTIAL WEIGHT

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS}

(Fiber and Filler Constant)

RATIO OF REMAINING TO INITIAL WEIGHT

Filler: Borax
Fiber : Glass Fiber

Glass Graphite Kevlar Steel Mineral
{ Fiber Fiber Aramid Wool Wool
B
4] Borax LUT1 469 423 .690 .640
SMS * # ® & .

Table 17. Variation of Binders of Different Concentration:

LAnA g nk ant s

# See Remarks in Table 30,
@ Borax is incompatible with Foundrez.

=20~

Polysulfide/ Foundrez/ Flexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+10% .597 .
+ 5% # .
Formula BT . a . .
- 5% .536 .
-10% .560 .
Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber
Formula ' . .37 LU78 .
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Borax

+20
+10

=10
=20

s

+20
+10

o]
-10
-20

Neoprene
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NADC-84170-60

Table 18. Variation of Solvent
(Binder, Filler, and Fiber Constant)

RATIO OF REMAINING TO

INITIAL WEIGHT

Binder:

Filler:
Fiber :

Methyl Ethyl
KRetone (MEK)

Polysulfide/Epoxy .604

.530

Table 19. Variation of Fiber

Polysulfide/Epoxy
Neoprene

Borax

Glass Fiber

Dichloromethane Toluene
.566 .626
* *

to Filler Concentration:

(Binder Constant)

RATIO OF REMAINING TO

INITIAL WEIGHT

Binder: Polysulfide/Epoxy

Filler: Borax

o« e . A }
Cw LN WA S AT AT YO

®* See Remarks in Table 30.

SMs
Fiber : Glass Fiber and Graphite
Glass Fiber Graphite
#20 #1000 =10 20 #20 #1009 =10
LU61
L4785
L4740 458 471 * * ' & U469 .
U462
*
*
]
*
*
=21~
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NADC-84170-60

Table 21. Variation of Fibers
(Binder and Filler Constant)

INITTIAL COATING THICKNESS (mm)

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

Glass Graphite Kevlar Steel

Fiber Fiber Aramid Wool
Borax 1.75 1.88 2.12 2.1
SMS 1.91 2.12 1.66 1.99

LA Bl i Sl S Sal Sati Sesh Sl Saam Sl St Y N e She s s P
R . .« o~ . [ PP R “ai i N NN e R o W W T W (O~ ™ W W

Table 22. Variation of Binders of Different Concentration:

(Fiber and Filler Constant)

INTTIAL COATING THICKNESS (zm)

Filler: Borax
Fiber : Glass Fiber

Polysulfide/ Foundrez/ Fiexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+10% 2.12 1.78
+ 5% 1.68 1.56
Formula 1.75 2.29 a 1.84 2.1
- 5% 1.91 1.52
-10% 2.02 1.61
Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber
Formula 1.91 2.53 2.04 1.68 1.96

a Borax is incompatible with Foundrez.
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; Table 23, Variation of Solvent
(Binder, Filler, and Fiber Constant)

=

” MRS
]
fan'a'a s

INITIAL COATING THICKNESS (mm)

Binder: Polysulfide/Epoxy

Neoprene
Filler: Borax -
Fiber : Glass Fiber . 'i*'
<.
Methyl Ethyl ‘2;
Retone (MEK) Dichloromethane Toluene =
ot
Polysulfide/Epoxy 1.75 1.91 1.80 ) :
Neoprene 1.69 1.93 1.64 %
;
]
& -~ -~
-J
'
Table 24. Variation of Fiber to Filler Concentration: -
(Binder Constant)
INITIAL COATING THICKNESS (mm)
)
Binder: Polysulfide/Epoxy '
Filler: Borax ]
SMS -
Fiber : Glass Fiber and Graphite )
Glass Fiber Graphite '
Borax #20 +10 0 =10 =20 420 410 0 =10 =20 4
+20 1.89 N
+10 2.02 )
0 1.80 1.98 1.75 1.93 2.13 1.55 1.46 1.88 1.7 1.97 -4
=10 2.13 .
sMs
+10 1.6U
0 1.91
-10 1.98

-24=
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NADC-84170-60

Table 26. Variation of Fibers
(Binder and Filler Constant)

RATIO OF FINAL TO INITIAL COATING THICKNESS

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)
Glass Graphite Kevlar Steel Mineral
Fiber Fiber Aramid Wool Wool
Borax 6.36 7.69 3.85 4,60 &
SMS ® # . # *

Tabie 27. Variation of Binders of Different Concentration:
(Fiber and Filler Constant)

RATIO OF FINAL TO INITIAL COATING THICKNESS

Filler: Borax
Fiber : Glass Fiber
Polysulfide/ Foundrez/ Flexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+109 7.57 &
+ 5% ¢ .
Formula 6.36 & a bd #
- 5% 10.1 L
-10% 8.75 b
Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber
Formula * 1.97 3.99 2.93 *

® See Remarks in Table 30.
2 Borax is incompatible with Foundrez.
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Necoprene

Borax

+20
+10

0
-10
-20

sms

+20
+10

0
=10
=20

P

NADC-84170-60

Table 28. Variation of Solvent
(Binder, Filler, and Fiber Constant)

RATIO OF FINAL TO

INITIAL COATING THICRNESS

Binder:

Filler:
Fiber :

Methyl Ethyl
Ketone (MEK)

Polysulfide/Epoxy 6.46

9.50

Table 29. Variation of Fiber

Polysulfide/Epoxy
Neoprene

Borax

Glass Fiber

Dichloromethane

6.75

to Filler Concentration:

(Binder Constant)

RATIO OF FINAL TO INITIAL COATING THICKNESS

Binder: Polysulfide/Epoxy

Filler: Borax
SMS
Fiber : Glass

% See Remarks in Table 30.

Fiber and Graphite

Toluene

7.16

e

.. '
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220 #10 0 0 0 a0 a0 0 =10 =20 E
7.65 1
6.29 L
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Iest ID No.

511
512
513
513M
513L
c14
515
521
522
523
524
525
531
532
533
534
535
541
542
543
544
545
551

552
553
554
555
561
562
563

NADC-84170-60
Table 30. Test Comments/Observations*

Remarks

Char is unifermly smooth,
Char is uniformly smooth,
Char is uniformly smooth,
Char is uniformly smooth,

convex,
convex,
convex,

convex,

Sample stuck to test apparatus.

Char is uniformly smootk, convex,

Char is uniformly smooth, convex,

Plate separated from coating.

Plate separated from coating.

Plate separated from coating.

Plate separated from coating.

Plate separated from coating.

Hard char has reddish,
Hard char has reddish,
Hard char has reddish,
Hard char has reddish,
Hard char has reddish,

Entire 2 inch center test area fell out.

Entire 2 inch center test area fell out.

bubbly
bubbly
bubbly
bubbly
bubbly

Plate separated from coating.

Char is smooth and hard.

or

or

or beaded

or beaded

or

AN SMA A Sa wal el Aad B Snd AMSCENE A e aas See Seen end saar

and hard.

and hard.

and hard.

and hard

and hard.

and hard.

beaded
beaded

beaded

appearance.
appearance.
appearance.
appearance.
appearance.

Part of smooth, hard char stuck to test apparatus.

Cracking and flaking in center section with entire
coating charred black with between 1/2 to 1 inch
long fissures parallel over entire surface.

Same as 551.
Same as 552.
Same as 553.
Same as 554,

Plate separatecd from coating.

Plate separated from coating.

Plate separated from coating.

*Comments by NADC personnel.
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564
565
5M
572

573
574
575
583

503
516

S516M
516L
526

536

546

556
566
576

586
596
506

NADC-84170~60

Table 30. (Continued)

Plate separated from coating.
Plate separated from coating.
Char is crusty and flakey.

Char is crusty and flakey. Part of coating outside
of test area stuck to test apparatus.

Same as 572.

Same as 573.

Char is crusty and flakey.

Hird char bas a reddish, bubbly or beaded appearance.

Part of coating outside of test area stuck to test apparatus.

Char is hard and smooth.
Char is hard, but flakey.

Center section fell out during test while the
surrounding area is sticky and fibrous.

Same as 516.
Coating outside of test area stuck to test apparatus.

Coating outside test area stuck to tc¢ st apparatus
wtile char is white with glassy beads or bubbles iz
test area.

Coating outside of test area stuck to test apparatus
while char has a spongy appearance with milky, glassy
substance on top.

Char is pure white and powdery with large cracks Iip
test area.

Coating turned black.
Coating turned black.

Char is crusty with large separated cracks running
through test area.

Char is black, hard, glassy and bubbly.
Char is black with cracking and some flaking.
Center section fell out during test.
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621
622
631
632
641
642
651

652
711
712

714
715
721

722
724
725
736
T43
T46

753

756
811
821
832

842

851
852
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NADC-84170-60
Table 30. (Continued)

Remarks

Char is black, hard and exhibits orange peel effect.
Entire char fell off test plate.
Char is black, hard and exhibits orange peel effect.
Entire char fell off test plate.
Char is black, hard and exhibits orange peel effect.
Entire char fell off test plate.

Char is black, hard and exhibits orange peel effect. Char
crumpled upon attempt to measure thickness.

Entire char fell off test plate.
Char is black and hard and exhibits orange peel effect.

Char is black and hard and exhibits orange peel effect. Part
of char fell off test plate.

Char is black and hard and exhibits orange peel effect.
Char is black and hard and exhibits orange peel effect.

Char fell off leaving a white stringy fibrous material on test
plate.

Same as T721.
Same as T22.
Same as T2i.

Char is hard, chalky in appearance with 5 or 6§ small orange beads.

Char fell off test plate.

Char is hard, chalky in appearance with several white and orange
beads.

Char fell off test plate. Remainder of coating was stringy and
fibrous and yellowish brown in color.

Entire char fell off test plate.
Char is black and hard and exhibits orznge peel effect.
Same as 811.

Gray, hard char with white fibers standing up about 9/16 of an
inch on the test plate outside the char area.

Char fell off test plate. White fibers standing up outside
char area.

Char is black and hard and exhibits orange peel effect.

Char fell off test plate. A ring of white fibers standing
up about 1/2" surround the edge of the char area.
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913
ga3
931
935
936
930
943

953
963

973
993
903

NADC-84170-60
Table 30. (Continued)

Remarks
Char is black, hard and exhibits orange peel effect.
Same as 913.
Same as §23.
Char is black and hard, but coating iifted off of test plate.
Entire char fell off test plate. Exhaust fan malfunctioned.
Same as 936.

Char is black, hard and exhibits orange peel effect. Part of
char fell off test plate.

Entire char fell off test plate.

Char is black, hard and exhibits orange peel effect. Most
of char fell off test plate.

Same as 963.
Same as 973.

Same as 993.
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NADC-84170-60

Table 32. Variation of Fibers
(Binder and Filler Constant)

TIME TO REACH 800°F (minutes)

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

Glass Graphite Kevlar Steel Mineral

Fiber Fiber Apamid Wool Wool
Borax 3.00 5.50 4,65 3.70 2.75
SMS 4,05 5.90 5.40 5.41 4,80

Table 33. Variation of Binders of Different Concentration:
(Fiber and Filler Constant)

TIME TO REACH 800°F (minutes)

Filier: Borax
Fiber : Glass Fiber

Polysulfide/ Foundrez/ Flexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+10% 3.75 1.80+(1.60)
+ 5% 3.00 1.55+(1.50)
Formula 3.00 1.80 a 4,50+(3.70) 3.90+(3.10)
- 5% 2.10 1.56+(1.40)
-10% 2.42 1.52+(1.30)

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber

Formula 4,085 4.8% 5.18 3.98 2.70

4 Borax is incompatible with Foundrez.
+ Char fell off test plate; time to 800°F estimated from slope
of curve before coating fell off; coating fell off at (x.xx) minutes.
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o Table 34. Variation of Solvent
- (Binder, Filler, and Fiber Constant)

TIME TO REACH 800°F (minutes)

. Binder: Polysulfide/Epoxy
E Neoprene

Filler: Borax
t Fiber : Glass Fiber

Methyl Ethyl

TIME TO REACE 800°F (minutes)

Binder: Polysulfide/Epoxy
Filler: Borax

SMS
Fiber : Glass Fiber and Graphite

Glass Fiber Graphite
Borax +20 #1000 =1 ~20 +20 #10 0 =10
+20 3.70
+10 3.90
0 3.25 3.60 3.00 4.20 .10 2.85 2.76 5.50 3.65
-10 4.40
=20 3.12
sMs
+20 4.8n
[ ] +10 el
i 0 4.05
-1 O 3 . 7 O
=20 5.60
L. + Char fell off test plate; time to B00OF estimated from slope
{ of curve before coating fell offy coating fell off at (x.xx) minutes.
]
‘ =34=-
[ ]
1

" 4 “3. &):‘

i’ Ketone (MEK) Dichloromethane Toluene

(.

F Polysulfide/Epoxy 5.52 4.80 4.10

i Neoprene 2.25 2.05%(1.80) 1.75%(1.50)

| T ————————
}. Table 35. Variationof Fiber to Filler Concentration

¢ (Binder Constant)
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NADC-84170-60

Table 37. vVariation of Fibers
(Binder and Filler Constant)

IIME TO REACH 800°F/INITIAL COATING THICKNESS (sec/mm)

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

Glass Graphite Kevlar Steel Mineral
. Fiber Fiber Aramid Wool Wool
F Borax 103 176 132 105 92
SMS 127 195 206 163 149

| S

- -

v—
[}

Table 38. Variation of Binders of Different Concentration:
(Fiber and Filler Constant)

TIME TO REACH 800°F/INITIAL COATING THICKNESS (sec/mm)

Filler: Borax
Fiber : Glass Fiber

Polysulfide/ Foundrez/ Flexible Polyurethane
Epoxy Neoprene Epoxy Epoxy Resin
+10% 106 61
+ 5% 107 60 a 147 i1
Formuls 103 47
- 5% 66 62
-10% 72 57

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber

Formula 127 115 152 142 83

@ Borax is incompatible with Foundrez.
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NADC-84170-60

Table 39.

Variation of Solvent

(Binder, Filler, and Fiber Constant)

TIME TO REACH 800°F/INITIAL

COATING THICKNESS (sec/mm)

LA Rl Sl A d e e & e, 2e g

Binder: Polysulfide/Epoxy
Neoprene
Filler: Borax
Fiber : Glass Fiber
Methyl Ethyl
Ketone (MEXK) Dichloromethane Toluene
Polysulfide/Epoxy 189 151 137
Neoprene 80 64 64

Variation of Fiber to Filler Concentration:
(Binder Constant)

Table 40.

TIME TO REACH 800°F/INITIAL COATING THICKNESS (sec/mm)

Binder: Polysulfide/Epoxy
Filler: Borax
SMS
Fiber : Glass Fiber and Graphite
Glasgs Fiber Graphite
Borax +20 +10 [} ~-10 =20 +20 +10 o =10 =20
+20 117
+10 116
0 108 109 103 131 115 110 113 176 128 88
=10 124
=20 129
s
+20 153
+10 121
0 127
-10 112
=20 159
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NADC-84170-60

Table 42. Variation of Fibers
(Binder and Filler Constant)

END OF INTUMESCENCE [Time(Temp)]
(Min(°F)]

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

Glass Graphite Kevlar Steel

Fiber Fiber Aramid Wool
Borax .85(290) 1.80(300) 1.60(300) 1.36 (290)
SMS 1.85(270) 1.80(250) 1.40 (250) 1.50(255)

Table 43. Variation of Binders of Different Concentration:
(Fiber and Filler Constant)
END OF INTUMESCENCE [Time (Temp)]
[Min(°F))
Filler: Borax
Fiber : Glass Fiber
Polysulfide/ Foundrez/ Flexible
Epoxy Neoprene Epoxy Epoxy
1.2 (205) .85 (300)
1.0(275) .65(300)
.85 (290) .25 (210) a .90 (230)
.82(210) .68(290)
.80(230) .58 (290)
Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber
1.85 (270) 1.15(550) 1.6 (235) 1.2(250)

a4 Borax is incompatible with Foundrez.

=30

Mineral
Wool

1.0(300)

1.2(240)

Polyurethane
Resin

1.8(320)

.85 (300
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NADC-84170-60 ]
Table 44. Variation of Solvent ) )
(Binder, Filler, and Fiber Constant) :

END OF INTUMESCENCE [TimegTemp)]

[Min("F)] :
-
b

Binder: Polysulfide/Epoxy
Neoprene

Filler: Borax

Fiber : Glass Fiber

Methyl Ethyl

I LR
L J

Ketone (MEK) Dichloromethane Toluene
Polysulfide/Epoxy 1.40 (250) 1.60 (310) 1.01 270
Neoprene .80(310) .70(290) .60(290) ) J

A RS
Lo
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1 Table 47. Variation of Fibers -
(Binder and Filler Constant) ® i
POST INTUMESCENCE (°F/min) :
|
. Binder: Polysulfide/Epoxy - 4
Filler: Borax ®
d Sodium Metasilicate (SMS) o
E-.
; Glass Graphite Kevlar Steel Mineral ]
i Fiber Fiber Aramid Wool Wool .‘5
i 1
Borax 239 133 181 250 286
: SMS 248 143 143 143 154 ]
‘ -y
)’ ®
b
Table 48, Variation of Binders of Different Concentration: 'f@
(Fiber and Filler Constant) o
POST INTUMESCENCE (°F/min) »
Filler: Borax
Fiber : Glass Fiber v J
. 4
Polysulfide/ Foundrez/ Flexible Polyurethane 1
Epoxy Neoprene Epoxy Epoxy Resin )
o]
+10% 200 500 1
LI
+ 5% 250 500
Formula 239 349 a 250 250 N
- 5% 500 500
-10% 333 500

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber

AEA K J v
—,—aa kot a A amla

Formula 248 323 167 167 286 »

a Borax is incompatible with Foundrez.
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NADC-84170-60

Table 49. Variation of Solvent
(Binder, Filler, and Fiber Constant)

POST INTUMESCENCE (°F/min)

Binder: Polysulfide/Epoxy
Neoprene

Filler: Borax

Fiber : Glass Fiber

Methyl Ethyl

Ketone (MEK) Dichloromethane Toluene
Polysulfide/Epoxy 125 143 167
Neoprene 454 500 500

L

Table 50. Variation of Fiber to Filler Concentration:
(Binder Constant)

POST INTUMESCENCE (°F/min)

Binder: Polysulfide/Epoxy
Filler: Borax

SMS
Fiber : Glass Fiber and Graphite
Glass Fiper Graphite
Borax =~ #20 #10 0 =10 =20 *20 #0 0 =10 =20
+20 222
+10 183
o] 313 250 239 167 192 263 250 133 200 286
~10 166
20 200
sms
+2C 154
+10 261
0 248
-10 261
-20 150
bl
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A

A

the experimental data does not warrant the conclusions that the coating :

always fell off during testing; perhaps in some of the instances the
coating separated upon removal of the plate fr-~m the test apparatus.
when the coating does separate and fall oft during a test, the tempera-
ture-time curve has a very steep slope compared to the thermally pro- - 4
tected plates—this observation will be quite apparent on some of the

graphical displays to be discussed later. Some ancmalies appear in

the data which require further examination. Specifically, it is curious

e
. s e
P P S N )

that the inert filler, Syloid, also displayed a change in slope (at )
approximately 260°F) for three of the specimen plates (551, 552, 534)

but not the other three specimen plates (553, 555, and 356). Zinc

metaborate, which is a fire retardant and is not an intumescent had

a linear temperature-time plot similar to plates 553, 535 and 336. It

is conjectured that absorbed water was entrained in the Syloid matrix.
What would appear to be rather drastic changes in the thermal
response of the substrate (Tables 31-35) for small changes in formula-
tion concentrations are most certainlv the result of variations in
initial coating thickness and thus initial mass. As discussed earlier,
it was found to be very difficult to keep the initial coating thickness
a constant. Further discussions on the test results will be presented
in Section 4; however, considerable insight can be gained by considering

first the Frontal Model.
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3.0 TFRONTAL MODEL

3.1 Introduction

A sim; lified mathematical model has been developed describing an
intumescent system. This model does not replace the physical model
developed and discussed in Reference 1; instead, it complements and
supplements the work done in the more detailed analytic model. The
model is constructed for intumescent systems in which it is assumed
that the tramsition to the intumescent state occurs at an infinites-
imally thin zone or front. While physically it is expected that the
intumescing region has a finite thickness, it is not unreasonable to
postulate for modeling purposes that this region is very thin compared
to the rest of the coating. Characteristic of an intumescing system
is that when subjected to heat such as from a fire, it begins to
swell or expand, i.e., intumesce. The thermophysical history of the
system must follow a specific sequence for intumescence to occur. The
coating material must soften during heating so that when the tempera-
ture is reached which chemically frees the blowing agent, the coating
is sufficiently pliable to expand or be "pushed" by the liberated
gases. The residual or remaining mass then begins to gel and sclidify
into a carbonaceous char. It should be noted that the coating system
may continue to lose mass as it is heated (as experimentally shown in
thermogravimetric analysis), but this process only affects the final
state of the residual char. Generally, the release of the blowing
gases is an endothermic process requiring heat to liberate the blowing
agent.

Besides the foregoing discussion, there exist a number of plausible
reasons why the frontal model might be expected to be an acceptable
approximation to the physics of an intumescing svstem. In the analy-
tic model developed by Anderson and Wauters [l], intumescence was
assumed to occur continuously as a function of mass loss. However, in
their analysis, thev found best agreement between model predictioms and

experimental results when most of the expansion occurs early in the mass
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loss process. Anderson and Wauters point out that an expansion law which
describes the expansion as a function of not only total mass loss but
also temperature and rate of mass loss would probably account for many

of the discrepancies between model predictions and experiment. There

is no contradiction between this supposition and the observations of

mass loss from TGA. As already observed, mass loss by itself is not
sufficient for intumescence; the material must be in the right state to
trap this gas. The implication is that the proper viscoelastic state is
achieved only over a narrow temperature range.

Examination of real coatings that have been sectioned after partial
intumescence shows zones or regions quite distinguishable by different
colors. These zones, which surely can be identified with a thermophy-
sical state, have distinct, sharp boundaries. These boundaries probably
can be associated with some temperature which "turns on" or "turns off"
some physical process. Very sensitive temperature dependences are
implied for activating the physics or chemistry within a zone since
small temperature differences exist across one of these transition
boundaries. Except for the char regiom, these zomes are relatively thin
in comparison to the coating thickness, and the thickness of the transi-
tion region from one zone to another is extremely thin relative even to
the thickness of a zome.

It is the recognition of these physical attributes that we assume
that intumescence is confined to a front of zero thickness whose tem-
perature is a prescribed property of the material. This front travels
through the coating from the free surface to the substrate as heat is
applied to the outer boundary (free surface) leaving behind a swollen
material. This simple model has two advantages., It eliminates the
influence of modeling assumptions about what is, at the present time,
the most poorly understood aspect of the whole problem, namely the intu-
mescence itself. The mass and vclume changes that occur across the front
must be specified but these are fundamental parameters easily determined
from experiment. In addition, the abilityv to determine the influence
and significance of the fewer number of parameters can lead to physical
insights much more difficult to perceive from the more detailed model of

Anderson and Wauters.
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3.2 The Mathematical Model T

A brief description of the essence of the frontal model, including
some results of the model, will be discussed here. The mathematical
details are contained in Appendix B. The model is one dimensional;

- the coating can be divided into two regions separated by the front,

ey

as depicted in Figure 3-1. To the left of the front, the temperature
is not sufficiently high to start intumescence and the material velo-
city is zero. To the right of the fromt, intumescence has occurred,
and the material is moving with a uniform and nonzero velocity, Ue.
The heat equation, Equation (3-1), applies to both regions, though the
convective term is not present in the region to the left of the front

since u=(Q:

3T 3T 3 3T
on (a: * “‘a?) ax kax (3-1)

where p, Cp, and k are the density, specific heat and thermal conduc-
tivity, respectively. The material properties can be summarized for
the two regions: ‘

Virgin State (left region) Char State (right region)

H

m=mf

p =9
£ (3-2) ’

O ©

m
p
us= u = u.
k = ko k = kf

Letting d represent the initial thickness of the coating, and D repre-

sent the final, or expanded thickness of the coating, them it can be i—

shown (Appendix B) that:

o £ (3-3)

Now the heat equation, Equation (3-1) is solved on both sides of
the front with certain jump conditions across the front. These jump
conditions specify the informationm to connect the two regions. These

connection conditions, i.e., jump conditions are:

o

i T =T =0 (3-4)
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T -1 T
front (3-5) -4
o
[u] = ug (3-6) IJ
1
The velocity jumps from 0 to U across the front, and likewise the thermal .1
conductivity jumps from ko to kf. There is a jump condition for the heat ’
flux also. This condition can be shown (Appendix B) to be:
+ - . o
3T 3T f
-)— = h «-CT*) (—~-1 -7
l_ra—; kax o (Q » (mo ) (3-7)

where Q represents the energy absorbed in an endothermic reaction, and
5 is defined below. The last term in Equation (3-7) represents the mass
jump across the front, i.e., the mass lost by outgassing. The physical
interpretation of Equation (3-7) is that heat is absorbed at the front
as a consequence of outgassing and resultant mass loss. This results
in 3 jump condition for the heat flux.

Letting h represent the location of the front, application of the
?onservation of mass relates the time derivative of the front location,

h, to the char velocity:

. Comf
ufah[l_.ﬂ—;ﬂ_o. = h [1 - D/4] (3-8)

If L is the position of the free (outside) surface, then the following

relations hold:

h(t=0) = d L(t=0) = d (3-9)
h(t-tz) =0 L(t-tz) =D (3=-10)
u = L L(t) = D - h(e)[D/d - 1] (3-11)

The time, t=0, is the time at which the heat is applied suddenly to the

surface. Time t=t; is the time at which the surface reaches the tempera-
*

ture T , the temperature at which intumescence begins. The front then

begins to move to the left while the free surface moves to the right,

as shown in Figure 3-2, Finally, at time t=t,, the front reaches the
substrate~—intumescence is complete, and the only thing protecting the

substrate from the externmal heat source is the char, Figure 3-3.

g 4 a4 . gy

-51-




~Figure 3-2.

Figure 3-3.

NADC-84170-60

///' Front Begins
to move towards substrate

[N

=& Free (outside) Surface
Moves to Right

OO N NN N NANNNNNNY

Schematic of Frontal Model,_t=t1

-//- Char

, o
.
, .
‘ /

_ ETTITTINSS

Substrate

Intumescence Complete, t=t.

=52

T ——————p

(Y U WO W 5 St UL

o1

B .I'




b, R
. 3
- o
L NADC-84170-60 .
: - :
ﬁ This discussion essentially describes the physical model; Appendix 2
E B goes into the detalls of the equations, nondimensionalization of the o ;
\ equations, and the procedure followed for obtaining solutions. We shall '
{
now discuss some of the results of the model, and the insights it pro- 1
vides. ]
' , . ®
3.3 Discussion of Results »
The results of the frontal model can be divided into three time g
p phases: the preheat phase, the intumescence phase, and the char phase. ~,=
In the preheat phase, the virgin material is being heated by conduction ® )
* -
until the surface reaches T . During the preheat phase, the analysis ?
shows that the temperature within the coating increases linearly with
time: K
T -
T - .E. i 2.3 2 2 1 o] . 1
¥ STHFE@ T+ -FE+ o) (3-12) )
T T
p k tk qd
o = p°kf T = —i- E = —2— (3-13) |
fo chpd koT ®
where éo is the heat flux applied at the surface. At x=0, that is, the : ?
substrate coating interface, the reuperature is given by: :
}
T [
L-E.,28 Lzs0 (3-14)
T a T 6

Substituting Equations (3~13) into (3-14) gives:

[V B S SV

a‘v‘l . L
I

( s 2 . -
q d"s C q_(t=t )
x . 0 _ op) . 0 0 1=
; T TO + SCc3 |t m T°-+ I (3~13)
o p o op

where t, (= dzoocp/6ko) is associated with the heating at short times.
Equations (3-=12) through (3-15) are valid only for "large" times, where

L

o

large can be approximated by t > tys which is of the order of 0.2 seconds

for the NASA borax formulation.

g

* :
When the surface temperature reaches T , intumescence begins and -
] the second phase of the solution has begun. The time intumescence begins -
* )
- can be obtained from Equation (3-12) by inserting T for T and the coat- »

ing thickness d for x:

G )

-53=
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pCd [,

o t, - =P~ |T -T -44d/3k (3-16)
B 1 4 o o °

: o

n[ For the NASA borax formulation, tl is on the order of 2.5 seconds.

§

- Once time t, is reached the coating begins to expand and the "tumes-

1
cent front" moves toward the substrate. TFigure 3-4 is representative

ii of the temperature-time history of the substrate coating interface. Note

the plateau or leveling off of the temperature in Figure 3-4. The inter-
pretation of this interesting feature predicted by the Frontal Model

» is as follows., The substrate is heating with time; however, the heat

; conducted to the substrate is limited because the temperature of the ]
:! front is "clamped" at T*, The heat flux to the substrate can increase )
i with time since the distance between the front and the substrate is

decreasing as the front moves toward the substrate. However, the sub-

strate is shielded effectively from the high temperature of the extermal

heat source which limits the heat flux until the front reaches the sub-

. =y

strate. To be sure, the time it takes for the front to reach the sub-

strate is dependent on the applied heat flux at the external surface

P
I L SR\

D

and the effectiveness of the intervening char, but the substrate cannot
rise in temperature past T* until the front reaches the substrate. The )
time duration or length of the plateau is dependent on the external

heat flux and the quantity of heat absorbed via endothermic processes

WA N WY

[Q in Equation (3-7)] at the front. For example, if the endothermic

e

process associated with the release of the blowing agent is not as large )
Y
then the plateau will have a shorter time duration, Figure 3-5. It is A

interesting to note that even if no endothermic process is accounted

for in the model (more strictly speaking, the applied heat flux is so . m
large that the endothermic process is negligible in comparison), that '
so long as the front has a temperature T* and the jump conditions exist, .
then a plateau still appears, though the time duration of the plateau "
is very short. .

The time it takes for the front to reach the substrate depends

upon the velocity of the front, h, which changes with position; h has
its largest value at the moment the surface begins to intumesce, and

its smallest value the moment the front reaches the substrate, As char

54—
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Figure 3-4. Model Prediction of Substrate Thermal Response




NADC-84170-60
intervenes between the surface and the front, the velocity of the front
can slow. Indeed, the slower the front moves toward the substrate, the )
more evident the plateau in Figures 3=4 or 3-5. If a char does not form 1
between the surface and front, that is, the char ablates away, the fromt

will see a larger heat flux than if there is an intervening char; the

front would reach the substrate in a much shorter time, resulting in a

U

short plateau.
It is quite evident from inspection of the temperzture-time history

when the front reaches the substrate. A sudden change in slope occurs

s
) Co e .
Aedla 0o i o b i A &

*‘! and the temperature begins to rise rapidly. When the front reaches the
1 substrate, intumescence is over and the coating material is nmow all char )

and fully expanded; the final phase, or char phase, now has begun. Once

PR

L

E again the analytic solution, similar to Equation (3-12) shows that the
» substrate will increase in temperature linearly with time:

b

Dk 2
T .o o Erx
F RS E Y T E T (3) +1+ 0 (3-17)

where E and 7 are defined by Equations (3-13). At the substrate coat-
ing interface, x=0, the temperature is given by: {

« q (t=t) 1
T-T + -—O—C—D-—Z- (3-18) ’
Pevp '

Note that Equation (3-18) looks very similar to Equation (3-15) with
the main difference being the denominators of the second term. Dof and
do° are, respectively, the mass per unit area of the char and the virgin
material. Because of pyrolization and outgassing, the final mass is

.
AAA‘.'.l PRI

always less than the initial mass. Thus, the slope after intumescence

will be steeper than before intumescence. That is, if Dof-doo, the

PR

A

slopes before intumescence begins, and after intumescence is completed,

A

would be the same. (It has been assumed that the specific heat per umit

mass has changed very little between pre- and post-intumescence. The

. -
u

analysis could easily be modified to account for a "jump" in specific

heat.) The model assumes a constant heat flux at the surface. In real- )

ity, the surface heats up and reaches a quasi-steady state temperature

-56-
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which limits the heat flux absorbed. This eventually results in the tem-
ﬁr perature-time curve approaching an asymptotic temperature which is near
- an effective flame temperature. Thus, the constant heat flux approxima-
tion is quite valid until the substrate reaches a significant fraction 1

of the effective flame temperature.

?i The curves of Figures 3-4 and 3-5 were computed using values for
density, specific heat, thermal conductivity, and initial and final ’
coating thicknesses from the NASA borax formulation discussed in Section

2 and modeled in Reference l. 1In particular:

o, = 1.43 g/cm> op = W11 g/em’

C_~ .2 cal/g’C

P -3 o -3 o
ko = 5.5 x 10 T cal/em=s-C kf = 2,0 x 10 ~ cal/cm-s- C
i = .0965 cm D/d = 4.5

Thus, pr = 0.05 < pod = ,14; hence, we would expect the slope of the
temperature time curves, Figures 3-4 and 3-5, to be greater after intu-
mescence. The differences in the two figures is the "size" of endotherm
at the front. As already stated, the larger the endotherm or heat sink
at the front, the more heat can be absorbed at the front, the slower the

front moves toward the substrate, and the longer in duration the plateau.

3.4 Comparison of Model Predictions with Experimental Results

We shall now compare model predictions with experimental data. TFig-
ure 3-6 depicts the actual temperature-time histories of several of the
intumescent systems tested in this program. Notice the distinct plateau
in several of the curves (these curves will be discussed in detail in
the next section). The model predicts distinct plateaux, in excellent
agreement with experimental results, and gives a physical basis for these
plateaux. While Anderson and Wauters [1] correctly deduced the phvsical
basis for these plateaux, it is now much clearer understood because of

the simplicity of the Frontal Model. Also note that the slope of the

post-intumescence phase i1s not always greater than pre-intumescence,

indicating either changes in specific heat and/or neglect of certain ]

physical phenomena (e.g., the absorbed heat flux 1s decreased as the sur- )

face heats up since the thermal conductivity is smaller for the char,

"o
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1imiting the absorbed heat flux). Finally, for the most part, the experi-

mental temperature-time curve is linear after the termimation of the

1®0 00

plateau, as predicted by Equation (3-18).
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4.0 DISCUSSION OF EXPERIMENTAL RESULTS

It is difficult to assimilate the results of the experimental pro-
gram because of the large number of tests which were conducted. One
of the most useful ways to assess the experimental —asults is to com-
pare visually the temperature-time histories of the various systems.
In the figures which follow, an attempt has been made to compare
different systems with approximately the same initial thickness. How-
ever, in view of the insights provided by the Frontal Model, it is
more important to observe and compare the qualitative behavior of the
different systems, i.e., the duration or extent of the intumescent
plateau and other gemeral behavioral characteristics of the thermal
protection system. There was no need to reproduce all the temperature-
time histories since many had the same qualitative behavior; differ-
ences in thermal performance could be attributed to initial thicknesses
and these results are tabulated in the tables of Section 2. The borax-
polysulfide/epoxy system (NASA formulation EX-1C-82), is alsc shown in
the figures for comparison. Plate number 513 is the baseline NASA for-
mulation. However, as already mentioned, variations in coating thick-
nesses more than mask small variations of concentration. Hence, for
comparison purposes, in the following graphs an attempt was made to
group different intumescent svstems with approximately equal thicknesses.
Plate 513 is used for comparison where coating thicknesses were approxi-
mately 1.7 mm, and pla.> 514 (also the NASA borax formulation but with
a slight variation from the baseline in borax concentration) was used
where coating thicknesses were approximately 2.1 mm. The following

cable provides a summary of the formulations compared in the figures:

Figure 4-1: Borax and Sodium Metasilicate (SMS)

Figure 4-2: SMS/Ammonium Phosphate and Aluminum Sulfate

Figure 4-3: Glauber's Salt

Figure 4=4: NASA Salt

Figure 4-53: Inmert Fillers: 2inc Metaborate and Aluminum Hydroxide
Figure 4-6: Inert Filler: Svloid (SiOz)

Figure 4-7: Borax~Neoprene with Different Solvents
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Figure 4-8: Borax-Polysulfide/Epoxy with Different Solvents

Figure 4~9: Concentration Variation of Glass Fiber in Borax-
Polysulfide/Epoxy Formulation

Figure 4-10: Concentration Variation of Borax in Borax-Polysulfide/
Epoxy Formulation (Bridging Agent: Glass Fiber)

Figure 4~11: Borax with Different Binders

Figure 4~12: Sodium Metasilicate with Different Birnders

The following paragraphs will summarize some of the observations that
can be made by analyzing these figures and the tables in Section 2.

Several observations can be made readily. Consistently, the sodium
metasilicate-polysulfide/epoxy formulation had an adhesicn problem, as
did the borax~neoprene formulation. However, when borax and sodium
metasilicate were combined as the filler, the resultant mixture appeared
to work with both binders. Glauber's Salt was totallv ineffective with
both the polysulfide/epoxy and neoprene binders.

The NASA Salt showed tremendous variability, Figure 4-4, In some
cases it outperformed the borax-polysulfide/epoxv formulation, while in
other cases it performed extremely poorly. This is consistent with
experimental observations of the NASA Salt in bomb cookoff tests. Nom-
inally, the thermal performance of the NASA Salt is comparable to the
borax-polysulfide/epoxy formulation. However, in some cookoff tests,
the time-to-detonation of the warhead exceeded the nominal cookoff
time; in other tests, cookoff occurred significantly less than the
nominal value. This is probably due to the mechanism of intumescence;
the NASA Salt relies on chemical reactions proceeding in a prescribed
order to provide the blowing agent and intumescence; whereas, the ma-
jority of the other systems investigated in this studyv rely on the
release of a chemically bound blowing agent such as water vapor.
Because of the large variability of the NASA Salt with the polysulfide/
epoxy binder, it is difficult to determine if the poor thermal perfor-
mance (o.e test) with the neoprene binder is the consequence of not
having the correct chemical formulation to achieve intumescence, or

statistical variability.
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The inert fillers, zinc metaborate, aluminum hydroxide, and silicorn L

— ~—r—v—r
-t

dioxide (Syloid) do not, of course, exhibit intumescence. (The Syloid
may have had some adsorbed water which would have been liberated simi-

larly to the hydrated intumescent fillers. Aluminum hydroxide will

N

decompose to an aluminum oxide plus water, but this is a very slow -

reaction which prevents it from acting as an effective blowing agent.)
And though these inert fillers do act as an insulator, they certainly

do not provide the thermal performance of an intumescent filler. It

"

‘] should be noted that considerable mass loss and thermal expansion does

i occur with these systems. The binders do decompose at the elevated

P

temperatures typical of a fuel fire. However, no intumescing front

forms and, as discussed in Section 3, a plateau does not develop in ]

o

the temperature-time history. Thus, it is assumed that the inherent

characteristic of an intumescent material is the formation of the

intumescent front with an associated temperature T*; the formation of

the intumescent front is the kav mechanism which allows the coating

system to act as an effective thermal insulator.

Three different solvents, methyl ethyl ketone, dichloromethane, and
toluene, were used to mix the constituents of the intumescent system
before application to a plate. Ostensibly, the thermal performance of
an intumescent system should be independent of the solvent used since the
solvents are volatile and will evaporate from the resulting mixture as it
cures. Basically, this supposition is confirmed in Figure 4-7, where the
borax-neoprene formulation shows very similar temperature-~time histories

for the three solvents. However, the thermal response of the borax~poly-

sulfide/epoxy system shows some distinct differences, Figure 4-8, which
cannot be attributed solely to different thicknesses or slight differences

in the furnace's thermal environment. Tvpically, toluene has been used

4
T
-4
E
"4
4

as the solvent, and curve 851 is typical of previous experimental results. °

oy

The slight differences in the curves for the toluene and dichloromethane
soclvated systems can be attributed to differences iIn initial coating thick-
nesses., But the MEK solvated formulation shows a much more distinct pla-
teau and better overall thermal performance. Toluene has the hiz usc i
affinity for polysulfide and MEK the lowest for the three solvante The

solvent with the lowest solubility parameter would leave the “2ast resi-

” :
. L,
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due of the solvent after curing. The ease of mixing the constituents,
i.e., consistency, with respect to the three solvents was not recorded.
Perhaps MEK provided a more homogeneous mixture of the constituents with

an increase in thermal performance when 1t began to intumesce. These con-
jectures may or may not be the reason for the improved performance of using
MEK as the solvent and a chemical analysis may be required to discern why
one solvent appears superior to the others.

The variations of relative concentrations of the bridging agent to
intumescent filler are shown in Figures 4-9 and 4-10. Generally, the
interpretation of the experimental curves follows intuition: the bridg-
ing agent gives integrity to the char. When the quantity of bridging
agent is decreased relative to the filler (curve 953), or the amount of
filler is increased relative to the bridging agent (curve 931), intumes-
cence is enhanced (a longer and flatter plateau), but the char is quite
frangible and separates from the plate. The converse, more bridging
agent relative to filler, or less filler relative to bridging agent retards
intumescence. The absolute quantity of intumescent filler is important
to the total amount of intumescence observed experimentally; thus, the
curves in Figures 4-9 and 4-10 must be interpreted in light of the initial
mass or thickness of the coating applied to the test plate.

The selection of an optimum fiber or bridging agent cannot be made
from the limited number of tests performed. The variability of initial
coating thickness makes it difficult to access the performance of the
five bridging agents. It would appear, for the same relative concen-
trations, that the glass fiber provides more integrity to the char than
graphite. The one graphite fiber test (621) zppears to be completely
out of line with several of the other tests (963, 973, 993) [reference
tables in Section 2.0]., The mineral wool appears to be the least effec-—
tive of the five fibers. To optimize thermal performance for a set of
fibers would require mcre plate tests. The effect of different solvents
alsc might be important in fiber performance as an effective bridging

agent,
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The last two figures are very interesting. Five binders were tried:

p—— e
d .

polysulfide/epoxy, neopreme, foundrez/epoxy, a flexible epoxy, and a
polyurethane resin. Figure 4-11 presents the temperature history cf

these binders with borax as the intumescent filler (borax was found

AL 8 & a & & o A,

to be incompatible with foundrez). Figure 4-12 presents the temperature

history of the same binders with sodium metasilicate as the intumescing
filler., From examination of these figures it is very obvious that the

binder plays a dramatic role in intumescence. And it is considerably

PRSI WL 9

more complicated than one of the binders being superior to the others. B
For example, sodium metasilicate works best with neopreme, but the T
intumescent front is virtually nonexistent with the polyurethane resin.
However, the borax-polyurethane resin system forms the most distinct
plateau of the borax-binder systems, and borax-neopreme the least. 3
Several observations can be made from Figures 4-11 and 4-12, along
with the tables in Sectiom 2. The best thermal performance for ordnance e
protection, that is, the longest plateau, had the smallest expansion
ratio, Table 27. What is unknown, however, is if the front surface of

the char for these systems ablated. There is indication that consider-
able ablation may have occurred in a number of the tests since it was

reported that none or very little of the char remained on a test plate.
Because of adhesion problems, and perhaps ablation, a definitive state-

ment on expansion ratio cannot be made; however, the limited information

from these tests, plus the insights from Section 3, would confirm Navv

experience [6] that large expansion ratios are not indicative or neces=-

sary for good thermal performance of an intumescent system.

What causes the differences in the sodium metasilicate and borax

systems? Both fillers give up their bound water to form the blowing

agent., However, sodium metasilicate is more tenacious than borax in

oy ‘ )

trapping the water because of 1ts high viscosity and low permeability.
The "tensile strength'" of the sodium metasilicate far exceeds that '
of borax, even in its viscoelastic state; hence, one expects that it B
might not expand as greatly as borax in spite of the fact that the

blowing agent has a more difficult time percolating to the surface. 'l

However, the most important aspect is that sodium metasilicate becomes 4
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polymeric. The residual char of a borax-binder svstem must rely c

pletely on the attributes of the binder to provide char integrity.

Oomn-

Since

neoprene alone forms a frangible char, the borax-neoprene system per-

forned poorly. However, the dehydrated sodium metasilicate probab

combined with the neoprene to form a char with excellent integric:

Ly

One observation 1is obvious, the selection of a binder has a dramatic

effect on the resulting thermal performance of an intumescing fill

er.

An extremely important observation can be made with respect to

Figures 4-11 and 4-12. The best intumescent system for protecting

ord-

nance is the one with the longest, i.e., most distinct, plateau. Typi~

cally, the thermal performance of intumescent systems (as well as
thermal protective systems), as used oy the Navy, is evaluated on
time it takes for am insulated test plate to reach 260°C (5C°F),
the time to 260°C per unit thickness of insulation., In protecting
steel such as a steel I-beam supporting some structure, the time t
425°¢ (BOOOF) is used to evaluate thermal performance, a valid met
ranking an insulating system since the strength of steel begins to
rather substantially at temperatures in excess of AZSOC., However,

Navy has recognized that explosives typically begin to underio an

other
the

or

o

hod of
degrade
the

irre~-

- o o}
7ersible exothermic. reaction at temperatures on the order of 200°C - 400°C.

Thus, to prevent warhead cookoff, the explosive or propellant must be

orotected from the fire; hence, a long duration temperature plateau as

depicted in Fizures 4~11 and 4-12, all of which lle below 150°C (3

i5 desired.
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5.0 SUMMARY AND CONCLUSIONS

A considerable number of test plates were coated with various intu-
mescent systems and exposed to a fire-type environment. The temperature-
time histories of the thermally protected substrates have been analvzed _J
and discussed. The hope that careful control of the percentages of the |

various constituents would permit optimization of a particular formula-

tion was not realized. Variances in coating thicknesses more than

e

masked the small variatioms in the formulations. Though care was exer-
r! cised in application of the coatings, in hindsight, the coatings should
h have been applied slightly thicker and then machined down to a uniform

thickness, as could be done by wet-sanding. Albeit that the experimental

testing did not provide the quantitative predictive capability desired,
the large and systematic variation of fillers, binders, and bridging
agents provided comsiderable insight to intumescent reaction mechanisms,
as well as some viable candidate intumescent systems for protecting
ordnance.

Providing comnsiderable insight into intumescent reaction mechanisms
has been the development of a Frontal Model; the major assumption of
the Frontal Model is that the important physics of intumescence takes
place in a narrow zone which is relatively sensitive to temperature.
Ine Frontal Model then takes advantage of this assumption by approxi-
mating mathematically this pyrolization region, called "the front," as
infinitesimally thin and at a temperature T*, The heat equation is
applicable on both sides of the front (i.e., the virgin material side
and the char side) and the two regions (virgin material and char regions)
are connected by using jump conditions in the velocity, heat flux, and
mass (i.e., mass loss). With these assumptions, the Frontal Model pre-
dicts and explains a fundamental property of an intumescing system——
the formation of an isothermal front which moves from the free surface
to the substrate. As long as the isothermal front persists, the heat

transfer to the substrate is limited by the temperature gradient between

the front and substrate. In effect, the substrate is protected from K
the higher temperatures of a fire by an intervening front that is char-

. acterized by a temperature considerably lower than the flame temperature.

[ -79-

PO I MPRL VR Y. O PRI WAL ST W




- . EREad itk i mien 2o g 4 T Y T N —r ———

.

NADC-84170-60
This limiting of the heat flux to the substrate manifests itself

4

L' in a decrease in the slope of the temperature-time history curve of the
1 substrate. If the front persists "long enough,' then the temperature- '
time history forms a plateau which is asymptotic to the temperature

of the front. Once the front reaches the substrate, then the substrate

again heats rather rapidly.
Analysis of the test data confirmed what the Navy has determined p

from previous experimental programs. Large expansions are not necessary

(and certainly can be detrimental if the char becomes very frangible)

for good thermal performance of an intumescent system. Indeed, the most

’
Yo e
Adebi a’2 2"+ 2u K 4 i a4

promising intumescent system (sodium metasilicate as the filler and »

neoprene as the binder) had the smallest expansion ratio of any system
tested. Inert, fire retardants such as silicon dioxide, zinc metaborate,
and aluminum hydroxide were the fillers in some of the svstems tested;

charring and thermal expansion of the binder often resulted in consid-

erable mass loss and an expansion ratio greater than 2.0, and as high
as 8.76, yet these systems generally are not considered as intumescent
systems. Thus, a more precise definition of an intumescent syvstem may
be one in which an isothermal front forms resulting in a plateau in the
temperature-time history of a substrate, as described in the paragraphs
above, |

The important findings, not all of which can be explained, are
synopsized below:

e The selection of a binder plays a very crucial role on the
resultipg thermal performance of an intumescing filler; that
is, the thermal performance, including adhesion, can be dra-
matically altered by the selection of the binder.

o The NASA Salt demonstrated tremendous variability in thermal

performance, perhaps in large part because it depends on

chemical reactioms proceeding in exactly the right sequence
3 to achieve intumescence; all the other intumescent £fillers
examined in this study released a bound blowing agent (such

as water). These results were consistent on similar tests.
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.
e

'! e The solvent used in preparation of an intumescent formulation -
b
can sometimes affect the thermal performance of the intumescent

system, as was evident by using methyl ethyl ketone instead

of toluene in the borax-polysulfide/epoxy system; the thermal
performance of other intumescing systems was independent of

the solvent used.

SES - I

e The trend noticed with bridging agents i{s that when the concen-

tration of bridging agent 1s decreased relative to the intumesc-~

VEELERAR I
S

‘ ing filler, that intumescence (i.e., thermal performance) is
] enhanced, but that the char is more frangible; conversely,
when the concentraction of the bridging agent is increased rela-

{ tive to the filler, thermal performance is degraded.

e large expansion ratios are not indicative or necessary for good

thermal performance of an intumescent system.

e The Frontal Model predicts the formation of a plateau in the
temperature~time history of a s.bstrate; the plateau persists
until an isothermal front, associated with the endothermic mass
loss process and intumescence, reaches the substrate.

e The best intumescent system for protecting ordnance is the omne

with the longest, i.e., most distinct, plateau.

The last item in the alove list should be discussed further. Thermal
performance, as measured by the Navy (time to 500°F or 1000°F per unit
initial thickness), or the measure used in this report (time to 800°F per
unit thickness), is probably not the best judge of thermal performance
with respect to protecting ordnance from cookoff. Rather, it is more
important to protect the propellant or explosive from reaching tempera-

tures at which thev become exponentially exothermic, leading to catastro-

phic rupture of a case or high order detonation. As seen in some of the

! intumescent systems tested in this program, the systems with the longest

[ and most pronounced plateaux in their temperature-time history will pro-

L vide more protection, i.e., longer times to cookoff.
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6.0 RECOMMENDATIONS

This research program has resulted in a better fundamental under-
standing of the physics of intumescence. Though further research in the
physics of intumescence is warranted, it alsc is recognized that con-
siderable chemistry comes to play, for example, the role of the binder
in the efficacy of an intumescent filler. The chemist or chemical
engineer is essential to the development of a viable intumescent formu-
lation; however, the insights into the fundamental physical mechanisms
provided by the modeling serve to guide the chemist in the selection of
components which could enhance or suppress certain fundamental effects.
The modeling is beginning to provide those insights.

The physics of intumescing systems is better understood from this
and the previous study [1], but further work in understanding the thermal
protection provided by an intumescing system should be pursued. For
example, the Navy has recognized that expansion of the coating, in of
itself, is not the dominant heat protecting attribute of an intumescing
system, pbut further work in this area could explain better the role of
expansion. The one area which has been ignored to date in modeling
efforts is a fundamental understanding of the expansion process itself.
Further research should provide insights to such effects as ablation
of the char and perhaps why thermal performance, as measured by time
to a temperature divided by initial coating thickness, is dependent on
initial thickness. Since thermal performance as it is now defined does
depend on initial coating thickness, a procedure should be developed
for determining fundamental properties of an intumescent system, e.g.,
the thermal conductivity of the char, from the experimental data.

The previous paragraph discussed what might be fruitful in analytic
modeling efforts. Several of the intumescent svstems formulated and
tested during the present study have potential for the Navy Cookoff
Program as altermate intumescent systems for application to ordnance.
In particular, sodium metasilicate with neoprene looks quite promising

from a thermal protection point of view because of the long plateau
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evident in the temperature~time history of the metal substrate. This

formulation should be investigated further, with atteation being given
to a number of other traits such as pot life, ease of applicability,
weathering characteristics, adhesion, etc., in addition to its thermal

characteristics.
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APPENDIX A: FORMULATIONS AND EXPERIMENTAL MATRICES

Al. Screening Studies

Preliminary screening studies were performed to determine which binders
and intumescing/filler agents might be best suited for testing. For ease of
operation, aluminum panels were used as a subatrate for the coatings. An
ideal coating thickness of approximately 1.40 mm (0.055 inches) was attempted,
but system differences made for varied coating thickpess. In some cases,
adhesion to the aluminum was poor, but the experimental program incorpo-
rated steel plates instead of aluminum sheets. In the cases where a
particular binder was being evaluated, sodium metasilicate and borax were used
as the blowing agents.

The chief objective of these precursory tests was to determine which
components would be most suitable and would warrant further study. As already
stated, a 1.40 mm thick coating was the nominal thickness of an applied coat-
ing. After various representative coatings were cast, their qualitative ther-
mal performance was evaluated as well as observationmal data on pot life, cure
time, workability, flexidbility, and adhesion. The coatings were applied to
7.62 cm by 7.62 cm by 1.02 mm (3 inches by 3 inches by 0.04 inches) aluminum
panels. The cured specimens were subjected to heat by exposure to a Bunsen
‘burner. Edges of the coating were shielded by soditw silicate foam to protect
them from flame wrap-around at the edges. A wing tip on the Bunsen burner was
used to give an even burn across the sample face. A thermocouple was mounted
on the rear surface of the aluminum to give a semi-quantitative measure of the
thermal performance. The preliminary test results are given in Table Al. The
results are reported on the basis of their critical components (resin binder
and intumescing or inert filler) with comments about the overall performance
of each coating. The thermocouple data have not been included since these
readings were only used to qualitatively rank thermal performance and could be
misleading if not used in the spirit of these precursory tests,
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NADC-84170-60
A2. Formulations Components

E‘ Individual components wers evaluated on the basis of performance (Table
A1), cost, and individuality. For example, a number of inert fillers and/or
fire retardants were considered. However, only one of each was chosen for

> full parametric evaluations. The major components (binders and intumescing
ﬁ ) agents) were more closely scrutinized since they constitute the main reasons
for success or failure of a coating formulation. The materials selected to
comprise the components of various formulations are listed in Table A2. The
open circles in Table A2 designate alternate materials which were tested in
; a formulation, but with no parametric variations in concentrations. Particu-
| lar characteristics of the various components are given in Table A3. Candi-
date components besides those in Table A2 were considered (e.g., Table A1)
but not selected. The reasons for their elimination are given in Table Al.

1

U
A3. Experimpental Matrices
_ Test matrices incorporating the chosen materials are given in Tables A5
l through A9. An attempt has been made to generate a testing program that

gives data suitable for coating modeling, furnish information on intumescent
coatings that was heretofore unavailable, and generate data that will advance
ocur understanding of intumescent reaction mechanisms,

Once the components to be used were selected, baseline formulations
were established which could be modified successfully to fit the test matrix.
[No attempt has been made to optimize a particular coating formulatiom in
terms of pot life, curing time, workability, ease of application, etec.
However, a lab notebook was kept which documented formulation preparation

‘al

along with relevant comments.] The main emphasis during the baseline
, formulation was on the relative concentrations of the binders and filler since
q they most affect coating workability. To establish the baseline formulationms,
each of the resin systems with various fillers was cast onto aluminum sheet
material till a recipe yielded a proper average workability.
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Table A2. Formulations Comporents

Binders Fibers (Bridging Agents)
[
e Polysulfide-Epoxy o Glass Flake ]
e Neoprene e Graphite 4
o Foundrez/Epoxy e Kevlar o
o Flexible Epoxy e Metal Fiber (Steel Wool) Tl
e Mineral Wool .4
[
{
4
L
Fillers o]
[
e Borax <A
e Sodium Me*asilicate T
e Ammonium Phosphate -
e asluminum Sulfate HBexadecabydrate
e Inert Filler (Powdered Silica) [
e Glauber's Salt -]
e NASA Intumescent Salt e
0 Borax/Sodium Metasilicate e
¢ Zinc Metaborate o
o

Aluminum Hydroxide
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Table 43(a). Components Considered and Selected
BINDERS '

Polysulfide/Epoxy: This is a mixture of Epon 828, a bisphenol A-
polyepichlorohydrin copolymer, and a Thiokol ..
polysulfide to impart a degree of flexibility B
to the system. Component of formulation ,
meeting specifications of MIL-C~-81945A (AS). 4

Neoprene: Neoprene is an elastomeric polymer, poly-
chloroprene, that is combustible but is self- .
extinguishing because of its halogen content. ;$
It bas good chemical resistance to many com- 1
mon chemicals.

Foundrez/Epoxy: Foundrez is a thermosetting phenolic novolac
resin of imparting integrity to an epoxy
system that is being subjected to fire.

Flexible Epoxy: This is any of a class of highly flexibilized
epoxies that have good impact resistance and
good adhesion when compared to the more flex-
ible elastomers.

Aromatic Polyurethane Resin: This is a liquid urethane elastomer called
Adiprene L-100 manufactured by Dupont and
cured with Hughson Chemicals M=200 curing
agent,

A~-11
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Table A3(b). Components Considered and Selected
FIBERS (Bridging Agents)

Glass Fiber: Glass fiber is used as a bridging agent in
resin binders and will also act as a heat
reflective surface. The fibers used have a
nominal length of 0.8 mm (1/32 in.).

Graphite: Graphite fibers are in use due tr .-~ heat
resistance and their fine micro .«ture that
makes them excellent bridging m .rial.

Kevlar: Kevlar is a polyaramid fiber with very great
toughness, high tensile strength, and high
energy absorptive properties.

Metzl Fiber (Steel Wool): Steel wool is a common additive to resins
when relatively thick, or large, fibers are
desirable. It has excellent mechanical
strength properties and it will be interest-
ing to see if the high thermal conductivity
is detrimental to the thermal protection pro-
vided by the coating.

Mineral Wool: Mineral wool is a common insulative materizal
that seems suitable for this application when
used in the candidate binders. It has good
chemical and thermal resistance and should
provide adequate bridging strength.

A-12
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Table A3(c). Components Considered and Selected
FILLERS/INTUMESCERS )

Borax: Sodium tetraborate decahvdrate, Na,3, 0..
10,0, an ideal blowing agent as ¢E reiaCes J
to a fire environment since it loses its
abundant water during heating from 75 to )
320°C, the range at which many organic
resins soften. Components of formulation
meeting specifications of MIL-C-81945A (AS).

Sodium Metasilicate NapS103°5H0 is a non-toxic, noncombustible

Pentahydrate: silicate that melts at 72°C and loses its
water of hydration which then becomes a blow-
ing agent.

Ammonium Phosphate: (NHy)o BPO, is a non-toxic chemical commonly
used in flame-proofing combustible materials.

Aluminum Sulfate A15(S0y)3-16H0 has an abundance of water and
Hexadecahydrate: a low melting point of 87°C. It is a g.od
blowing agent.

Inert Filler (Syloid 244): Si0Op is finel; powdered silica of extremely
low bulk density.

Glauber's Salt: Sodium sulfate decahydrate, Na,SOy-10B,0,
melts at 33°C, loses its water at 100°C, and
is ideal for an intumescent blowing agent.

NASA Intumescent Salt: Developed by NASA, it is an excellent blowing
agent but has almost no physical integrity
after it expands.

Borax/Sodium Metasilicate: This combination makes a good system since
they are chemically compatible and expand at
similar heats.

inc Metaborate: 32n0'23203 is a commercially available fire
retardant of low toxicity.

Aluminum Hydroxide: Al (OH)3 [Aluminum Trihydrate] is commonly
used as a fire retardant.

A-13
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Table Al(a). Components Considered But Not Selected !
BINDERS
Waterglass: Waterglass is a sodium silicate compound.
The one evaluated is the 3:22:1 Si02:Nap0 -
formulation. Since it contains a high per- I A

centage of water, it is subject to shrinking
and cracking. It has very little flexibility
and impact resistance., The char is somewhat s
friable. 7

PVC: Evolves toxic hydrogen chloride (HCl) fumes
upon burning. Its adhesion to metal is poor.

S W Y S S

-,

-
pre]

Table A4(b). Components Considered But Not Selected
FIBERS (Bridging Agents)

s

£y
Sdd

P
(]

., .
[
adha o’

Refrasil: Refrasil is a silicon dioxide fiber having
excellent high-temperature resistance but is
very expensive,

o -

Mica: Mica is a good choice for a thin intumescent
coating but it is in the same functional cat-
egory as glass flake. The glass flake is
more reflective to heat so it is chosen over

.
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Table Af(c). Components Considered But Not Selected
- FILLERS/INTUMESCERS

Sodium Metaborate: The commercially available octahydrate is an i*ﬂ
intumescing agent but would not chemically B
appear to offer any advantages over other 1‘]
systems. Since the scope of this program is »
limited, it will be deleted in faver of a 1
fire retardant and inert filler.

Ammonium Nitrate: Ammonium nitrate is potentially explosive. i
Its decomposition is somewhat high at 210°C )
and evolves nitrous oxide, a narcotic and
potential explosive, as the blowing agent. s

Slate and Limestone Fillers: For our purpose, these minerals are classi-
fied as inert. Since they are more expensive
than silica powder, the inert filler chosen,
and since glass fiber, a reflectant, is al=-
ready included, they will be deleted.

Triphenyl Phosphite: Triphenyl phosphite has a low melting point,

22 to 25°C, and the resulti 0il could bleed
to the surface and catch on fire.
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Table A6§. Variation of Fibers .
(Binder and Filler Comstaat) '

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

) Glass Graphite Kevliar Steel Mineral ..
Fidber Fiber Aramid Vool Wool
Borax X b 4 X X X

SMS b4 X X X X o

TOTAL: 10 Plates

8 Table A7. Variation of Binders of Different Concentration
I (Fiber and Filler Constant)

- )
- Filler: Borax o
¢ Fiber : Glass Fiber -
! Polysulfide/ Foundrez Flexible Polyurethane
Ei Epoxy Neoprene Epoxy Epoxy Resin
: +10% X X
- + 5% X X
L; Formula ) 4 X a X X
r - 5% X X

-10% X X

Filler: Sodium Metasilicate (SMS)

| ® Fiber : Glass Fiber
[
b Formula X X X - X X
S
.
{ TOTAL: 17 Plates
P' 8 Borax is incompatible with Foundrez. '
8 :
&
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Table A8, Variation of Solvent
(Binder, Piller, and Fiber Constant)

Binder: Polysulfide/Epoxy
Neoprene

Filler: Borax

Fiber : Glass Fiber

Methyl Ethyl

EKetone (MEK) DPichloromethane Toluene
Polysulfide/Epoxy X X X
Neoprene X X X

TOTAL: 6 Plates

Table AS. Variation of Fiber to Filler Concentration
(Binder Constant)

Binder: Polysulfide/Epoxy
Filler: Borax

SMS
Fiber : Glass Fiber and Graphite

Glass Fiber Graphite

Borax *20 *10 S =10 =20 20  +10 o =10 =20
& +20 X
b +10 X
L 0 X p ¢ X X X X X X X b ¢
p =10 X
2 =20 X
’
< sms
f +20 X

+10 X
‘ 0 X

-10 X

=20 X

TOTAL: 19 Plates
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NADC-84170-60
Test panels were then prepared; two specimen plates were prepared for
each formulation -— one plate was tested, the duplicate plate was prepared in

. T,

DA T
R
PO R S R

o
v

case a primary plate/coating was damaged and it was also available to verify »
anomalies if they appeared in the test results. The test panels were made of ;:ﬂ
steel with nominal dimensions of 7.62 cm x 7.62 cm x 1.40 mm (3.0 in. x 3.0 ';?
in. x 0.055 in.). 4 2.54 cm (1.0 in.) diameter disc was removed from the ;ij
center of each panel; 1.59 mm (.0625 in.) was then shaved from the o .

circumference and then the disc was cemented back in place with a highe
temperature epoxy adhesive.

A procedure was developed whereby a fairly uniform plate-to-plate
coating thickness could be achieved. A doctor blade leaves a naked film, and
trying to compensate for the viscosity may leave too thick a coating. A mold
was devised to resolve these problems. The mold was made from a 3.175 mm
(0.125 in.) thick sheet‘or aluminum cut in an "L" shape. Placing two of these
L-shaped panels around the test plate forms a 1.78 mm (0.070 in.) cavity that
can be filled with the coating material and leveled with a screed. The mold
was made sufficiently large such that two specimen plates (the primary and the S
duplicate) could be coated at the same time. (]

o ...".'A!', .

.

o

ey

plates were weighed and bare plate thicknesses measured. The specimen plate '
was then stamped with an identifier corresponding to a designated cocating ’:1
formulation. These plate identifiers were also used as test identification 3
(ID) numbers; the test ID's, along with their respective location in the test {
matrices are given in Tables A10 through A14. 7;1

]

5

After the technique of casting the coatings was devised, the specimen u;i
m{

b

AL, Formulations

The formulations, by mass, are given in Tables A15 through A19. All
masses are given in grams. The solvent for all formulations was methyl ethyl
ketone (MEK) except where specifically noted. As already stated, no attempt
was made to optimize a particular coating formulation in terms of pot life,
curing time, workability, ease of application, thermal performance, etc.
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Table A11. Variation of Fibers: Test ID No. .
(Binder and Filler Constant) .

Binder: Polysulfide/Epoxy
Filler: Borax
Sodium Metasilicate (SMS)

Glass Graphite Kevlar Steel Mineral
Fiber Piber Aramid Wool Wool
Borax 513 621 631 641 651 "
]
SMS 523 622 632 6u2 652 j
Table A12. Variation of Binders of Different Concentration: Test ID No. _;
(Fiber and Filler Constant) )
Filler: DBorax
Fiber : Glass Fiber
Polysulfide/ Foundrez/ Flexible Polyurethane - j
Epoxy Neoprene Epoxy Epoxy Resin :
B |
+10% 711 T21 I{
+ 5% T12 T22
Formula 513 516 a 743 753
- 5% 714 T24
-10% 715 725

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber

Formula 523 526 736 T46 756

a2 Borax is incompatible with Foundrez.

A=-21
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Table A13. Variation of Solvent: Test ID No.
(Binder, Filler, and Fiber Constant)

Binder: Polysulfide/Epoxy
Neoprene

Filler: Borax

Fiber : Glass Fiber

Methyl Ethyl

Ketone (MEK) Dichloromethane Toluene
Polysulfide/Epoxy 811 821 851
Neoprene 832 842 852

Table A1l4. Variation of Fiber to Filler Concentration: Test ID No.

(Binder Constant)

Binder: Polysulfide/Epoxy
Filler: Borax

SMS
Fiber : Glass Fiber and Graphite
Glass Fiber Graphite

Borax 20 10 0 210 =20 20 10 0 =10
+20 931
+10 511

0 913 §23 513 943 953 963 973 621 993
=10 518

A=-22

=20
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Table A16. Variation of Binders of Different Concentration: Formulations
(Fiber and Filler Constant) -

L‘-‘ Filler: Borax )
3 Fiber : Glass Fiber: 5.0g

b

. Polysulfide/ Foundrez/ Flexible Polyurethane

. Epoxy® Neoprene EpoxyP Epoxy® Resind

+105  11.43/12.65/1.87  27.5
+ 5% 11.86/12.08/1.78 26.25 ]
Formula 11.30/11.50/1.7  25.0 e 16.0/3.0/3.0  10.0/10.0 j
- 5%  10.74/10.92/1.62 23.75 4

-10% 10.07/10.35/1.53 22.50

w!

Borax 28.0 50.0 e 40.0 60.0 :

Filler: Sodium Metasilicate (SMS)
Fiber : Glass Fiber: 5.0g

Formuwla 11.3/11.5/1.7 25.0. 10.0/20.0/2.75 16.0/3.0/3.0 10.0/10.0

SMS 45.0 55.0 30.0 50.0 70.0

!
g
9
4

2 Epoxy consists of EPON 828/DMP 30

b Epoxy consists of EPON 828/Shell "U"™ Hardener

¢ Epoxy consists of DOW 735 epoxy/DOW DEE 58 Hardener/Shell "U" Hardener
d Epoxy consists of Uniroyal adipiene L-100/M200 Hardener

€ Borax is incompatible with Foundrez

e
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y Table A17. Variation of Fibers: Formulations " 3
1 (Binder and Filler Constant) i -
{' i
3 Binder: Polysulfide/Epoxy: 11.3g/13.2g 1
- Filler: Borax: 28.0g )
' Sodium Metasilicate (SMS): 45.0g )
. > 4
Glass Graphite Kevlar Steel Mineral N
Flake Fiber Aramid Wool Wool R

Borax 5.0 2.5 0.2 5.0 0.2 i

SMS 5.0 2.5 0.2 5.0 0.2

a Epoxy: EPON 828 11.5g
DMP 30 1.7 g

- Table A18. Variation of Solvent: Formulations
= (Binder, Filler, and Fiber Constant)

e -
F Binder: Polysulfide/Epoxya: 11.3g/13.28 Neoprene : 25.0g !
\ Filler: Borax: 28.0g Borax : 50.0g :
| Fiber : Glass Fiber: 5.0g Glass Fiber: 5.0g
) Methyl Ethyl
ﬁ Ketone (MEK) Dichloromethane Toluene
Polysulfide/Epoxy 1.0 3.0 3.0
Neoprene 1.0 3.0 3.0
[ )
¢
5 a Epoxy: EPON 828 11.5g
- DMP 3¢ 1.7g
¢ ’
‘ A-25 ’

- 3 St o > I Y POV Y TERSN WY SR (N L YL SN I SR | e B S N G et o LI W . P W VI SN SR




v

| N

(8)40q74/(8)1911¥d q =y,
SL°L  0f dwa
9G° 11 g2g Nodd :4xod3 u

e,
o
0°G/0°9€E 02- n
0°5/G" 0k o1-
0°6/0°G% 0 Lo
0°G/5°6% o1+ " 4
o 0°G/0" kS 0z o
O R s
o SHS A
g -
3 0°6/4'22 0z- 2 "

S 0'5/2°S2 ol- L

8 0°2/0°92 S2°2,0°92 §°2/0°92 SL°2/0°8C  0°€/0°62 0°¥/0°9g2 S°4/0°82 0°G/0°82 §°G/0°82 0°9/0°9Z 0
= 0°6/8°0¢ oL+ 1
0°6/9°tt o+ -
02- o= 0 or+ oz 02- ot- 0 oi+ 02+ xu.iog

e ISV TEVTD o

o1Tydeap pue aoqyd sseTD ¢ JoqT4 o
SHS R
xgg0q JOTTITd

B2 EL/BE 1L us>x0=M\o=«u~=n>~om tJepurg L

(Juelsuo) Jgepird)
sucjje[nu.iod :U0§1B.IJUIDUO)Y JATTT3 O} J40qF1 JO UOFIEEIepy GV @lqe]l

i .».L...l._\.n-“l..r fh.»n.%.. L‘l’f} _ ;‘-..___.__m...v. .,




I MM e e e e i oan I e s e ‘T_‘ﬁﬁ._l!—_-——.—-w_-j

NADC-84170-60

R O

However, the formulations were varied to obtain an average workabilitv
such that a formulation could be parametrically varied and still be

easilyv applied to the sample coupons.

The actual formulations used for each svstem are given in the
tables. For example, the sodium metasilicate-polvsulfide/epoxy formu-

lation (Plate 523) is given in Table Al5., Forty-five grams of sodium

L
Adend oda

metasilicate were mixed with 11.3g of polysulfide and 13.2g of epoxy
(which consists of 1l.5g of EPON 828 and 1.7g of DMP 30). The left- 3

e! hand columns, +5%, +10%, etc., refer to an increase or decrease of the
respective component. For example, for the same sodium metasilicate- ]
polysulfide/epoxy system, +10% means 107 more, by weight, of sodium

metasilicate, i.e., 435g + (10%)45g = 49.5g (reference Table Al5).

o

e "Formula" essentially refers to the baseline formulation of NASA EX-

ey

1C-82, but with different constituents substituted, e.g., sodium meta- J
silicate for borax, etc. However, "Formula" does not mean exact sub-
stitution by weight since concentrations had to be varied to achieve

an average workability,

Some problems of particular note occurred during formulation pre-
- paration. Glauber's Salt NaZSOA-IOHZO coagulated the methyl ethyl
ketone (MEK) solvated neoprene, and isolated the neoprene. Toluene
was used as an alternate solvent. The aluminum sulfate-léHZO inhibited
(destroved) the cure on the epoxy/polysulfide system. Low level heat
(llOoF for one week) did not aid the cure. The ccating was very pli-
able, but the plates were included for testing. Borax, when added to
the phenolic resin, foundrez, caused coagulation; these specimen plates

could not be prepared.

All coated plates were cured at room temperature conditions except
. s o o] - .
the aromatic urethane that was heated to 99°C (210°F) for six davs, and

the DOW 736 flexible epoxy system that was cured at 66°¢ (lSOOF) for 18

nours.
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APPENDIX B )

A FRONTAL MODEL FOR INTUMESCENT PAINTS 1
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APPENDIX B
A FRONTAL MODEL FOR INTUMESCENT PAINTS

Bl. ¢ Mathematj Mode

We shall deal with a one—dimensional configuration. In due course all
source terms, whether of mass, volume, or heat, will be taken to be delta
functions, consistent with the frontal model, but our imitial discussion
will not make this restriction. Unlike the Lagrangian formulations of the
earlier analyses, we shall adopt a purely Eulerian description.

Outgassing causes mass loss at a rate g so that the equation for mass
conservation has the form

%f + 3% (pu) = -¢ (B1)
where p is the demsity and u the velocity.

Consider an isolated mass of virgin material, and consider what hap-
pens as it is heated. The increase in tempersture turms the paint iato a
viscoelastic fluid which gives off gas. The gemeration of this gas creates
voids which become frozen into the material as it hardenms, which it does as
more of the gas is liberated. Thus, mass is lost, but at the same time the
volume increases. Suppose Vo. m,  are the initial volume and mass, AViV-Vo
is the increase in volume (positive) and Am-mo—m is the decrease in mass
(also positive). For a given viscoelastic state, we would expect that
there is a relationship between the mass loss and the volume increase,
which leads to the model

aY f<f!> (R)
° o
It is not at all apparent what is a reasonable choice for the fumction f,

but one possibility is

f(x) = CxN (B3)
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NADC-84170-60
This is the choice made by Anderson and Wauters (1983), It is oper to the
criticism that the viscoelastic state varies throughout the coating, be-
cause of variations in temperature and mass loss, so that corresponding »
variations in the function f should be accounted for; but what form these ;,5
variations should take is unknown.
In order to incorporate a law such as equation (B2) imto a field
equation, it is comvenienmt to introduce the concept of Lagrangian mass, C
Consider the mass of s unit volume of virgin material—it has a value of ::
Por ¥We now follow all of the particles in this volume, deleting those that : ji
turn into gas, The total mass is m, and it decresses from the intiel value ‘;j
Po due to outgassing. The volume of this material is V where > :
Vs Vo [1 + £ (ﬁ&)] (B4)
o
and V°=1. LA Since, sccording to equation (Bl), g is the rate of mass 4

loss per unit volume, it follows that

- i
corresponding to
gf+u%§.-g[1+f(ﬁ”)l (BS)
o

Moreover, there is s relation between p and m, namely m = pV so that

m=p [1+f(ff)] | (B6)

The only significant energy is thermal in nature, so the energy equa-

tion has the form

2 2 ) 21)_ .
Cp at (pT) + Cp ax (puT) 3z (k oz Qg (B7)

where we shall suppose that Cp is & constant throughout the paint. Q is

a8 measure of the energy lost due to outgassing; this lost enmergy is

- B=4
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proportional to g. In view of the coptimuity equation (Bl), the emergy

equation may be written as

.

oI TY . 2 (, aT) oy s
Cpp(at+uax) 7s (ka,)*‘(CpT Q g (B8)

If we assume that energy is lost simply because of the removal of mass from
the system, and that enthalpy changes iantrimnsic to the change in phase may
be neglected, then

CT-Q@=0
P Q

and the source term in equation (B8) vanishes. This is the choice that we
shall make in the sequel although it is not an essential restriction,

The model is completed by the specificatiom of g. The quantity i/p is
the rate of mass loss per unit mass and can be reasonably assumed to be a
function of T and (m - mf) where me is the final Lagrangian mass, a speci-
fied quantity. A possible choice is

o/T

g = pDe B(n—mf) (m—mf)a, a0 (B9)

where (m - mf) is the Lagrangian mass of potential gas still bound in the

condensate.

B2. The Delta-Function Model

The equations described in Section Bl are unsatisfactory in several
respects; certainly, the justificationm of equations (B2) and (B3) is weak.
We shall bypass this flaw in the model by adding an additional assumption,

one for which there is experimental evidence, namely that tumescence only

occurs in a vanishingly thin zome. This is dome by supposing that i is

‘ nonzero only at one temperature and, moreover, is very large at that temp~

X,
L erature so that nonvanishing mass loss occurs. This is at variance with
: the experimental fact that mass loss occurs over a wide temperature range;

such mass loss, unassociated with tumescence, could easily be accounted

N for, but we shall not do so st this time. This amounts to an assumption

-
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that elthough mass loss may occur throughont the coat, only that responsi-

ble for tumescence is important, and it is loecalized.

With this assumption, the coating is divided imto two regions separat-
ed by the front. Between the substrate and the fromt there is statiomary
material with uwniform demsity. The temperature in this regiom is every-
where less tban that at the front. Between the front and the free surface
the materisl also has a wniform density, smaller tham the intial value
since all the material has been processed by the front. This density does
not change with time, The temperature there is higher than that at the
front, and the velocity is spatitlly uniform but is nomzero and varies
with time. The only nontrivial equatiom om each side of the froat is

therefore the homogeneous energy equatiosn,

T g:_(_a T
pCP (at te ax) ox k ax) (B10)

where approprigte constant values for p, v, and k have to be assigned for
the two regions. Connection or jump conditions across the froat are
deduced by an analysis of the fromt structure.

The location of the fromt is defined by

x = h(t) (B11)

and to examine its structure, we introduce the new variable { by means of

x = h+ 8 (B12)

& is a smell parameter that characterizes the thickness of the fromt. It
is eventually set equal to zero.

The governing equations of Section Bl are now rewrittenm in terms of
the independent veariables { and t and, at the same time, expansions for the

dependent variables are adopted of the form

B-6
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T =T+ + 5t .
n m + L i )
T u + ...
P P+ ... o
¢ T* is a constant since there is no significant change in temperature as the i‘
front is traversed, and m, u, p now stand for the leading terms in expan- ‘f,.':
sions in § of the respective variables. The continuity equation (Bl), ;'.;;3
equation (BS), and the emergy equation (B8) now may be writteam to leading "-"-:
order in the fomrm () ‘
—a(pn - pl.l) = - 5§ (B13)
et .
. om m i-j
(v - h) 5 =—- = 8¢ (B14) LA
9 p 8 :
3 (, 2t . ]
= [k = (C_T*-Q) b (B1S
= (:38)= 0 5 ) ;
»
In equation (Bl4) the factor (1 + f) has been replaced by m/p in order to 1
make clear that the subsequent conclusions do not depend on any assumptions a
about the expamsion process, other than that it is localized. a
Comparing equations (B13) and (Bl4), we have » J
]

iom __ 1 _ 2 -
m 3t - (pu-ph) 3¢ (pu-ph) (B16)

which may be integrated to yield

m = C(t) (pu - ph) (B17)

The solution within the front must match with the outer solutioms on

each side so that equation (Bl6) must be consistent with the coaditions

(> - = m-ﬂmo, P> P o —e0
(B18)

=+ @ B—eB., p—> P, n—-uf(t)

B=7
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Here the subscript zero refers to the initial or virgin state, and the R

subscript f refers to the final state after tumescence has occurred. In o
this way we deduce the result )
a (t) = h [ - %J (B19)

(4 -

whick relates the instantaneous speed of the coating behind the fromt to - f%

the instantaneous speed of the fromt itself. ?
Finally, integration of equation (Bl5) across the front lezds to the ]
condition i

r p
ar o R
Lk dﬁ] % (Q—CPT‘) [m) (R20)

which, together with the coamditiom

[T] =0; T=T* (B21)

completes the specification of the comnection comditions. Here the square
bracket denmotes conditions evaluated on the processed side of the fromt

mipus evaluation on the virgin side,

B3. Nondimensional Formulation and Reductiop to a Stefan Problem

The problem of solving the energy equation (B10) on each side of the
fropt together with the jump conditions (B19) - (B21), sppropriate boundary
conditions at the substrate boundary and the free (outer) surface, together
with initial conditions, is a generalized Stefan problem. It is generaliz-
ed in the sense that there are two boundaries whose locations have to be
determined as part of the solution, namely the front and the outer surface.
In this section, we shall formulate an equivelent nondimensional problem
and then, by mesns of an elementary transformation, rednce it to ome with
but a single unknown surface.

Consider the deteils of the specific problem that we shall consider,
Initially, the coating has a uniform temperature, less than T*, aand a
thickness d. A heat flux is applied to the outer surface, in this way

raising the temperature of the paint, After a time, tl has elapsed the

. N ce T T e
o .. . et et o L= T
R T LT e .
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NADC-84170-60
temperature at the outer surface reaches the valume T®, signalling the ]
onset of tumescence. We shall call this initial period, occupying the 'i
time interval (O,tl). the preheat phase. .:
Continuing application of the heat flux now caunses the intumescent 'TJ
front to move into the interior of the paint. This continues until the .1j
front reaches the substrate at a time tz. We shall call the interval ;r‘
(tl.tz) the tumescent phase. At the end of it the paint has thickness D.
The final, or post—tumescent phase, is similar to the preheat phase u
in the sense that it is characterized simply by an increase in temperature.
The coating is, of course, thicker, and its physical properties are differ—

eat.
Consider the tumescent phase. During this period, the outer front

moves a distance (D-d) at a speed uf(t), and the intumescent front moves

a distance d with a speed h. Thus,

2 2
D-d -f nfdt and d= -f h dt (B22)
] : :

It follows from equation (B1l9) that

p m
] %-—9;1 (B23)
. pf [

whence equation (Bl9) may be written as
“f"(%‘ ) h (B24)

The location of the free surface is thea

x=L(t) =D - h(t) (% - ) (B25)

Since =P, aand B, = pr/d. the jump condition (B20) becomes

T (. D _ -
[x u] b (pf y po) (@ - ¢ 1*) (B26)
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In order to nondimensionalize the equations, we shall nse d for the

characteristic length, deszf for the characteristic time, and T* for

p

f
the characteristic temperature. At the same time, it is convenient to
define certsin nondimensionasl parameters by the formulas

Poks D k P

Zo Po s__ @
Q= , C = - » P = » q: » Q - (327)
pfko d kf Pe CPT

¥ith T, x, t, h, and L now standing for nondimensional variables, the

problem may be written in the form
2

0<x<h o . 2T (B28)
ot = 2
X
3 . a1 32
B¢z<L I _(o-npd.l (B29)
at x " 2

During the preheat phase h=L=1, during the post—tumescent phase h=0, L=0.
Boundary conditions at the froat are
- N ~
T=1; L@ -8 @, )=(c-91@-1 (B30)
ax ox

The conditions at the substrate and the free surface depend on the applica-
tion; we shall suppose that the substrate is insulated and the emergy flux
at the outer surface is constant. Thus,

=0 .o (B31)
dx

x=1 T.r o . (B32)
There are two possibilities at x=L, depending on the nature of the material
at the free surface. Until the surface temperature has been raised to the

value 1, the material is virgin and has a coaductivity ko; after tumescence
has started the comductivity is kf.
We shall make the choice 6=1 (cf. Section Bl). Then the energy equa-

tion may be writtem in coanservation form as

aT_ . 'ﬂ_li(ﬂ)
a at b(o 1) b Iz x ox k ax (B33)

B-10
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where the parameters a, b, and k have the following values:
0<x<h a=ag, b=0, k=0p

(B34)
h<zx<L a=1, b»b=1, k=1

Equation (B33) is valid everywhere, including the front, consisteat with
the jump conditions (B30).

Consider now the new variable defined by the formulas

0<z<h s = x h<x<L s= %4 gil h(t) (B35)

If s is used instead of x, equation (B33) becomes

gﬂ,i( T

s at - as \FSp 3s (B36)
x

which is to be solved on the fixed domain 0<{s<l. Boundary conditions at

s=0,1 have the form

s =0 a. 0., s =1 a. E or . opE (B37)

ds das ds

Equation (B36) is equivalent to the system

aT  3°T 2 3T  3°T
0<s<h a3yt = ;—7 , hes<l c ¥T = ;-7 (B38)
S S
with jump conditions at the fromt (if h is an interior point)
=0, T, o=, o (B39)

This defines a Stefan problem with a single unknown boundary.
B4. alysis
(i) Preheat phase: heating of the virgin material.
During this phase it is necessary to solve equation (B28) subject

to the boundary conditions (B31) and (B32a), and appropriate initial com-

ditions. The latter will be takea to be

B-11
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NADC-84170-60 '
T= To (a constant) at t = 0 >
The solution obtained using a Laplace transform in t is -1
)
e cosh vas x
T=T + L2 [4s¢ hvas X (B40)
(<] — 2ni 3/2 r—
va s sinhyas
Br -
This is not a useful representation for finite time, but it does provide & ;'J
description for very large times, namely ) ]
3
T~E¢+dle?e1 -2E+01) (B41)
c 2 [¢] 6 »'.—1
o
"l
This provides a cheracterization of the effectiveness of a coatimg which '
cananot intumesce.
A description for finite time is best obtained by numerical means.
». The procedure adopted was the method of lines described by Meyer (19 ).
i To this end, implicit differencing in time leads to the equation
“ZTn a a
—_—- =T = - — B42
dxz At n At Tn-l ( )

where Tn is the temperature evaluated at the time tn. The problem is now
imbedded in a one—parameter family which satisfies equation (B42) together

with boundary conditions

T (o) =B, T (o) =0 (B43)
n n

The parameter is B; for one choice of B, initially unknown, the associated
temperature is the solution to our problem. In view of the linearity of

the field equation, we may write

T =PT+Q (B44)

where the functioms P, Q are independent of B. Substitution into (B42) and

use of the boundary conditioms (B43) leads to the initial value problems

B-12
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' -"-a'ﬂ ' s——a )
p + P? 2=0, o +r ST, (B45)

P(0) = Q(0) =0

which are easily integrated using the trapezoidal rule.

At the free surface, the temperature of interest is given by

Tn(l) = [E - Q(1)] / P(1) (B46)

Consider equations (B32a) and (B44). This provides the initial comdition
for the integration of equation (B44) back towards the origim which com
pletes the determination of Tn' Time is now advanced and the procedure
repeated.

At t = t. the temperature at the free surface reaches 1. This yields

1
the temperature distribution for the initial conditiom for the tumescent
phase. Note that a good approximation of t, can be gotten from (B41l) by

letting x=1, T=1 and solving for t.
(ii). Tumesce=nce.

During this phase, it is necessary to solve equatioms (B37) -
(B39). The treatment of the virgin material proceeds as in phase (i) up to
and including the calculation of P and Q. The solution of equation (B38b)
between the front and the free surface proceeds in a similar fashion so

that writing

T =RT+ S (B47)

leads to initial value problems for R and S ia the form

' 2 02 ' 02
R+R—E=0, S+RS=-Z;T3-1
(B48)
R(1) = O S(1) = poE

These also are integrated using the trapezoidal rule,
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The postion of the froamt can nmow be determined. The jump condition

(B39b) implies that, at the froat,

(R+S) —op(P+Q =0 (B49)

It is & simple matter to determine where this function vanishes. Once the
front location is known (linear interpolation between mesh points is neces—
sary), equations (B44) and (B47) are integrated away from the froat using
the condition there that T = 1, In this way the new temperature is deter—
mined everywhere, and we may advance time and repeat the procedure.

In order to start this calculation, it is nmecessary to have an early
time description, valid immediately after tumescence has started. The
initial temperature on the cold side of the froant comes from the phase (i)
calculation. Imitial conditions on the hot side of the front can only be
determined after enm analytical calculation of the initial speed of the
front. To this end, we comsider the solution for P and Q in the limit as

At 0. Ve have

P ~\/—% + (exponentially small terms) (B50)
i At
PR -3 oAt .
Q vAtt T 1 * nT 1 aT 1+...] (B51)

At & time At after tumescence has started, Tn—l is the final phase (i)

solution which, for x close to 1, can be approximated by

L

T ~1+E(z1) + 2 (=-1)" + .., T _,(1) =a3? (1,t))

If (x-1) has the same order of magnitude as At, it follows that

(P+Q ~ A—;‘[\/% E- E(x-1) - 48 rn_';u)] + 0(At) (B53)

Therefore, if h is given by

h~1 - CAt (B54)

where C is the initial speed of the fromt, (P+Q) at the fromt is given by

B-14
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- - A& e
(P + Q) Ih E + Ec1(&22 \/ s Tpop (1) + .. (BSS)

Consistent with (BS4),

(R + s>|h ~ peE + 0(At) (BS6)

snd substituting (B55) and (B56) into (B49) shows that

T (1)
=i __ _123T
c = T (1,t). (BS7)

Thus, shortly after tumescence has started, the hot side solution is de—

scribed by
T~1+0pE [s -1+ C(t-tl)]

(iii) Fully Charred Phase.

This phase starts when the reaction fromt reaches the substrate.
Clearly, we must solve (B38b) subject to Ts(O.t)-O. Ts(l.t) = gpE and the
initial temperature being whatever the tumescent phase ended with. In the

spirit of (B41l), we may write

2

T~2 (t-e) + RE 2 L1 4 o) (B58)
c 2 2

where ty is the time at which h = o,
We can see from (BS8) that the temperature rises linearly with time at
the plate, as it did in the preheat phase, but since
k k m m
p,od_Zo ftl 1%,
< kf D kf P, B ame

R

(B59)

the rate can be higher depending upon the value of a.

This last result is counterintuitive if ome’s intunitiom is inspired
by attic insulation practice. Imn point of fact, with a coastant heat flux
prescribed at the free surface of the paint, it is the thermal inertia of

the layer at any instant which is important. What with the considerable

B-15
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mass loss accompanying the swelling, the finmal char—being as porous as

it is=—3is not as good an insulator as the original thim coat of paint.
However, the char thermal conductivity is less than that of the original
material, which wants to retard the heat flux, Henmce, whether or mot the
char is an effective insulator depends unpon two physical charscteristics of

the char, the thermal conductivity and final expansion thicknmess.

BS. Conclusion

~ nonreactive layver of paint would lead to a substrate temperature
which grew linearly with time. The moving reaction fromt results in a
much slower substrate temperature growth—-almost a plateau. The fimal
porous char allows the substrate temperature to resume its linear growth
at rate even faster than the original paint.

The reason for the plateau is quite clear from our frontal model.
The front is hotter than the substrate so that there is a heat flux from
one to the other. This flux persists until the non-dimensional substrate
temperature is virtually equal to 1, and as long as the front exists,
the substrate must wait to reach a temperature of 1.

The duration of the intumescense depends on the propagation speed
of the front which in turn is a function of the properties of both the
swollen and unswollen material. Moreover, while the plateau period will
increase with the endothermicity of the intumescence, there will be a

plateau even for a nonendothermic process.
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